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ABSTRACT
Smart materials, or materials that respond to some stimulus by changing their properties, make up an
active area of research in many fields. Light can be considered an especially attractive choice of stimulus
because it can be applied with precise spatial and temporal control, and is non-invasive. This thesis
explores light sensitive gels and colloids, which could be used as valves in microfluidics devices, as
tunable templates for the production of nanoparticles, or as devices for capturing pollutants or delivering
drugs. At the basis of the sensitivity to light is the azobenzene chemical group, which isomerizes from cis
to trans under visible light and the reverse under UV light. When this group is embedded in the
hydrophobic tail of a surfactant, the aggregation properties of the surfactant become light-sensitive. The
trans form of the azobenzene surfactant is more likely to form micelles than the cis. When mixed with a
hydrophobically modified polymer, these micelles can act as crosslinking sites for a gel network. Upon
UV irradiation, the crosslinking is disrupted and the gel transitions to a solution state.
NMR methods were used to characterize the micelles and gels, and to understand the steps that control the
kinetics in these photoreversible systems. The gelation process can be considered to consist of
photoreaction, micelle formation, and possibly polymer relaxation. It was found that the photon flux
through the material limits the rate of reaction, which then controls the remaining processes in the system.
The photoreaction was studied under varying conditions, including concentration, light intensity, and
wavelength. Due to their optical thickness, these materials are possibly better suited for use as thin films.
NMR experiments were also used to probe the interactions between the polymer and surfactant. In
contrast to surfactant-only solutions, trans-dominated and cis-dominated micelles appeared equally likely
to form aggregates with an appropriate polymer. The cis-rich aggregates failed to effectively crosslink
the polymer and form a gel. This was confirmed by using diffusion measurements to monitor the size of
crosslinked polymer clusters. This cluster growth correlated well with previous rheology results, but the
high tendency of cis samples to form aggregates had not been anticipated. It is hypothesized that cis-
dominated aggregates are too small and unstable to act as crosslinking sites.
In an effort to create a wider array of tunable colloids, the azobenzene surfactant was then mixed with a
traditional surfactant of opposite charge. Solutions consisting of oppositely charged surfactants have been
known to result in unilamellar vesicles, when prepared at appropriate concentrations and mixing ratios.
The size, type and number density of the aggregates in this work were found to be controllable through
the use of light. Depending on the light conditions, either nanodiscs or vesicles could be observed.
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Chapter 1
Introduction
1.1 Background and motivation
Smart materials, which are materials that are sensitive to changes in their environment, are attractive for
use in a wide array of engineering applications. The ability to reversibly alter structures or material
properties by using stimuli such as temperature, light, pH or electric field provides a level of control and
flexibility not available in traditional non-responsive systems. The use of light is particularly powerful, as
it can be applied non-invasively with great spatial control. One class of smart materials that has attracted
recent attention is those that take advantage of self-assembly. Surfactants and certain polymers are
known to spontaneously self-assemble into regular patterns or structures, due to hydrophobic, electrostatic
or other intermolecular forces. Self-assembly can be exploited to easily create nano- or micro-scale
structures, avoiding the need for complicated nanolithography methods. These systems can be made
light-sensitive by incorporating an appropriate photoresponsive chemical moiety. The present work
describes and develops various colloids and gels that can result from light-sensitive surfactants and their
mixtures with polymers.
Worm-like micelle
Micelles
Bilayervesicle
Figure 1-1 Selection of possible self-assembled structures. Shown are spherical micelles, a worm-like micelle
and a vesicle. Vesicles have an aqueous core, which may be used to store hydrophilic substances. Factors
including the geometry and concentration of the surfactant, as well as concentration of any added salt, will
determine which structure is formed.
Surfactant molecules can self-assemble into various colloidal structures, including micelles and vesicles
(Figure 1-1). Micelles can be used to localize hydrophobic molecules, while vesicles can store either
hydrophobic or hydrophilic molecules. Vesicles also occur naturally and are used within biological cells
for the storage, transport and release of compounds. It has been suggested that these capabilities could be
exploited for drug delivery [1-3], the storage and controlled release of perfumes [4], or for removing
harmful compounds from contaminated water or soil [5, 6]. Certain block copolymers can also form
micelles [7], and these have also been proposed for use in drug delivery [8-10]. Such colloids have also
been used as reaction sites for the production of nanoparticles [11], or as templates for the production of
more permanent structures such as silicate molecular sieves used as adsorbents and catalysts [12]. Many
of these applications could be enhanced if the formation of the colloids could be triggered by an external
stimulus.
Azobenzene is a moiety commonly used in light-sensitive smart materials. UV light is known to drive a
trans-cis isomerisation reaction in azobenzene, while visible light initiates the reverse [13, 14]. When
incorporated in a surfactant molecule, this change in conformation can alter the shape of any self-
assembled aggregates, and also the propensity to form aggregates [15-18]. For example, the cationic
photosurfactant 4-ethylazobenzene-4'-(oxybutyl)trimethylammonium bromide (azoTAB) is more likely
to form micelles in the trans state than in the cis [16]. Other useful properties of surfactants can also be
made tunable to light. The surface tension of azobenzene-surfactant solutions has been observed to
change upon irradiation, which may be relevant to applications involving detergency and wetting [19, 20].
Surfactants are also used to stabilise emulsions, and these have been made light sensitive as well [21, 22].
UV irradiation has been demonstrated to affect the micellar solubilisation of organic molecules [23].
Based on these developments, it is apparent that photo-sensitive surfactants provide a promising avenue
for achieving stimuli-responsive self-assembled systems. This work attempts to extend the field by
developing novel photosensitive colloids, as well as describing the state of the self-assembled system
during the irradiation process, at intermediate mixtures of cis and trans. Also provided is a quantitative
description of the photoisomerization rate. The work is based on the azoTAB surfactant, first described
by Hayashita et al [16].
There is also active research in the development of smart gels. Gels can be broadly defined as crosslinked
materials that form three dimensional networks, swollen with some solvent. Polymers are generally a
major component. Gels typically exhibit viscoelasticity, in contrast to the solvent which lacks any
elasticity. If that solvent is water, the result is called a hydrogel. Swollen hydrogels can hold many times
their weight in water; this superabsorbency has been used commercially in diapers. Hydrogels have also
found use in contact lenses, and as scaffolds for growing and implanting human tissue [24-26]. Gels can
be classified by the type of crosslinking employed: chemical, where the crosslinks are formed by covalent
bonds, or physical, where the crosslinking is based on non-bonding interactions. The network in
chemically-crosslinked gels is permanent, but the gel can respond to external stimuli by reversibly
swelling with solvent or collapsing. This is known as a volume phase transition, and can be triggered by
temperature [27-29], pH [30, 31], light [32-34], or combinations thereof, such as local heating due to light
absorption [35]. These externally controlled volume phase transitions serve as the basis of proposed
actuators and valves for microfluidics [36-38]. pH-sensitive gels exhibiting volume transitions could also
be used in oral drug delivery, whereby the gels respond to the acidic conditions in the stomach [30].
Hydrogels have also been designed to be sensitive to some chemical. For example, changes in glucose
[39] or carbon dioxide [40] levels in the body have been used to modulate the rate of release of some drug
from a hydrogel.
Unlike chemically-crosslinked gels, the networks in physical gels can be reversibly formed or dissolved.
Lee et al have demonstrated such a gel that undergoes sol-gel transitions in response to light [41]. The
system consists of the azoTAB surfactant and an oppositely charged amphiphilic polymer,
hydrophobically-modified poly(acrylic acid) (HMPAA). After visible irradiation, which favors the trans
isomer, azoTAB tends to form micelles which act as crosslinking sites for the polymer. A gel network
thus forms. Under UV irradiation, the micelles break up and a gel-sol transition takes place. Other types
of light-sensitive physical gels have been devised by incorporating the azobenzene group within pendant
groups on the polymer itself [42-44].
Different practical applications can be imagined for such gels. The viscosity of the azoTAB-HMPAA
system changes by three orders of magnitude upon the gel-sol transition. Systems with tunable viscosity
have been commercialized as dynamically controllable dampeners in automobile suspensions [45]. In this
case the applied external stimulus is a changing magnetic field, and is a feature in sports cars such as
Audis and Corvettes [46]. Tunable viscosity systems could also be a means to control flow, for
applications in oil recovery [47] or in microfluidics. Thermally-triggered sol-gel transitions have been
proposed for usage in drug delivery; the material is injected while in the sol state and it then gels at the
internal body temperature [48]. The gel then releases the drug compound at some appropriate sustained
rate. Light may not be an ideal stimulus for in-vivo applications, but light-sensitive gels could be used for
storage and release of reagents in microreactors. Tunable gel beds have also been proposed for use in
molecular separations, such as capillary gel electrophoresis [49]. The separation resolution could be
enhanced by selectively gelling or ungelling parts of the matrix medium.
In order to design and develop devices that use these light-sensitive gels, further characterization of the
azoTAB-HMPAA system was attempted in the present work. Of particular interest was the rate of
gelation, as well as the nature of the structures that form under different irradiation conditions. The time
scale for the transition in the azoTAB-HMPAA system was described on the basis of rheological
measurements to be on the order of minutes, but with some slow behavior extending to hours [41]. An
understanding of this rate is a prerequisite for any successful design, so the various steps involved were
investigated. These include the photoisomerization reaction, as well as the formation and dissolution of
micelles.
Many previous studies of gelation have focused on the measure of rheological properties, such as
viscosity and dynamic modulus [50-53]. While this provides observations relevant for certain
applications, it does not give direct information regarding the molecular-scale structure of the gels. In this
work, NMR spectroscopy was used to more directly observe the formation of aggregates, and the
interaction between the surfactant and polymer. Some NMR techniques have been previously
demonstrated on other surfactant and surfactant-polymer systems [54-56]. This would lead to a better
understanding of the azoTAB-HMPAA system, as well as possibly demonstrating techniques relevant to
other surfactant-polymer systems. Finally, many of the applications envisioned for the gel require an
understanding of how solutes diffuse through the gel or the sol, so this aspect was also experimentally
studied.
1.2 Photosensitive surfactant
1.2.1. Azobenzene
Any light-sensitive system must include some moiety that absorbs light and then reacts in some way.
Azobenzene and stilbene are commonly used groups [57, 58]; both of these undergo a reversible
isomerisation reaction upon the absorption of light. Other useful groups include triphenylmethane
leucohydroxide, which dissociates into an ion pair upon UV irradiation [59].
The light-sensitive colloids and gels described in this work all exploit the properties of the azobenzene
moiety. Azobenzene, pictured in Figure 1-2, can exist in either the trans (also called E, for entgegen) or
cis (Z, zusammen) conformation about the N-N double bond. Conversion between the two forms is
driven by the absorption of light; UV favors the formation of cis, while visible light favors trans. The
trans isomer is more thermodynamically stable, so there is also a thermal reaction from cis to trans. A
sample that has been left in the dark will eventually become entirely trans; this is known as the dark-
adapted state. After prolonged irradiation, azobenzene eventually reaches some steady state composition
of trans and cis; this is known as the photostationary state. The photostationary state is a function of the
irradiation wavelength.
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Figure 1-2 Isomers of azobenzene. The trans isomer is favored under visible irradiation, while the cis
predominates under UV irradiation. Samples in the dark eventually revert to being entirely trans.
The photochemistry of azobenzene has been investigated for decades. The light-initiated reaction
between the trans and cis forms of azobenzene was first observed in 1937 [14]. The nature of the
reaction pathway remains unresolved in the literature; it is unclear whether the reaction takes place
through an out-of-plane rotation or an in-plane inversion (see Figure 1-3). A further complication is that
the reaction pathway may be dependent on the irradiation wavelength. [58, 60, 61]. Both computational
[62-65] and experimental work [60, 66-68] continues on this matter to the present day.
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Figure 1-3 Possible mechanisms for the isomerisation reaction of azobenzene. Taken from Diau et al [631
1.2.2. azoTAB surfactant
The azobenzene group has been embedded in various larger molecules for different purposes, such as
optical storage of information and holography, as reviewed by Knoll and Rau [61, 69]. Azobenzene has
also been located within surfactant molecules, such as azoTAB [16] (shown in Figure 1-4). The azoTAB
molecule was designed to be more soluble in water than the originally reported azobenzene surfactants
[15]. The azoTAB surfactant is used throughout this work.
Figure 1-4 Structure of azoTAB, shown in the trans form
Surfactant molecules are amphiphilic, in that they include both a hydrophilic head and hydrophobic tail
section. Amphiphilic molecules in aqueous solution tend to form aggregates such as micelles or vesicles
(Figure 1-1) due to the entropically driven hydrophobic effect [70]. Interactions between water molecules
are relatively strong, due to hydrogen bonding. In contrast, physical interactions between water and
hydrophobic materials are weak. The water molecules will therefore continue to form hydrogen bonds
with each other, even in the presence of the surfactant hydrophobic tail. In order to do so, there is some
short-scale ordering of the water molecules around the tail, which results in an entropic penalty. This
entropic cost is relieved if the hydrophobic tails are removed from contact with the water. This could
occur through phase separation, whereby the hydrophobic molecules precipitate out of solution.
However, the hydrophilic head groups of the surfactant do interact strongly with water, so the structures
in Figure 1-1 are favored instead.
The hydrophilic head of azoTAB is a charged trimethylammonium group, which is very commonly found
in synthetic cationic surfactants. The azobenzene group is included in the hydrophobic tail, with an alkyl
spacer group separating the head and the azobenzene.
azoTAB is attractive for use in colloid science because the cis form has been found to be less likely to
form self-assembled aggregates than the trans form. This effect is partially due to differences in
hydrophilicity; the cis isomer has a higher dipole moment than the trans (3.1 D and 0.5 D, respectively)
[19]. Further, the kinked shape of cis would likely decrease its ability to pack efficiently into a regular
micellar structure (see Figure 1-5).
trans azoTAB cis azoTAB
Figure 1-5 Space-filling models of the two isomers of azoTAB. The cis has a bent form that may discourage
both micellar packing and any stabilizing n-n interactions.
This difference in the ability to form micelles makes it possible to induce micelle formation or dissolution
with appropriate usage of light. These environmentally sensitive aggregates can be further used as cross-
linking points for reversible polymer gels.
trans cis
:Vis
Figure 1-6 Expected effect of irradiation on micelle formation. Straight-tailed surfactants denote trans, while
bent-tailed surfactants denote cis. UV light drives conversion to cis; visible light drives conversion to trans.
The dark-adapted state is 100% trans. The surfactant is more able to form micelles when in the trans state.
1.3 Light-sensitive gels
Attempts to devise systems with photocontrolled rheology date to at least the 1980s. Irie et al were able
to achieve modest changes in solution viscosity upon irradiation by incorporating light sensitive groups
within a polymer [59, 71]. With azobenzene included in the main backbone chain of a polymer, the
polymer coil contracted when the azobenzene was converted to the more compact cis form [71]. This was
accompanied by a 60% reduction in viscosity. Similar changes in viscosity resulted when incorporating a
photo-ionisable moiety as a pendant group on a polymer [59], again due to a change in coil dimensions.
There was no crosslinking or network formation in these early attempts.
A different class of photorheological fluid does not include polymer at all. The surfactant
cetyltrimethylammonium bromide (CTAB) forms worm-like micelles in aqueous solution. At sufficient
concentrations, these micelles become highly entangled, resulting in a viscoelastic gel-like system. When
a photosensitive surfactant or some other photochromic molecule was added to the micellar solution, the
micelles were disrupted after irradiation [72-74]. The original micelles were recovered upon irradiation
with a different wavelength. These transitions resulted in a 3-4 order of magnitude change in viscosity.
Amphiphilic polymers can be used as a component in gel systems. Like smaller surfactant molecules,
these polymers have both hydrophilic and hydrophobic sections. This can be accomplished by building
block copolymers such as Pluronics, which consist of blocks of hydrophobic poly(propylene oxide) and
hydrophilic poly(ethylene oxide). Pluronics can form micelle-like aggregates. Amphiphilic polymers can
also be constructed by attaching hydrophobic pendant groups to some repeat units of an otherwise
hydrophilic polymer. This process is known as hydrophobic modification. Such polymers can also form
intra- or inter-polymer aggregates.
Deshmukh et al synthesized copolymers of hydrophilic dimethylacrylamide and a second repeat unit
which included azobenzene as a hydrophobic pendant group. At sufficiently high concentrations in the
visible photostationary state, infinite gel networks were formed due to aggregates formed by the pendant
groups. These aggregates were disrupted upon UV irradiation, resulting in a 20-fold reduction in the zero
shear rate viscosity [43].
The hydrophilic polymer poly(sodium acrylate) is commonly used as the foundation for hydrophobically-
modified polymers. One such example is hydrophobically modified polyacrylic acid (HMPAA),
demonstrated by Wang et al [75] and shown below:
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Figure 1-7 Structure of HMPAA as used in this work. 3% of repeat units are hydrophobically modified (m).
A hydrophobic alkyl chain is randomly grafted onto the original polymer. Mixtures of HMPAA and
trans azoTAB were found by Lee et al to form viscoelastic gels [41]. It was hypothesized that the trans
azoTAB micelles and the hydrophobic polymer grafts formed co-micelles, leading to crosslinking of the
polymers. After conversion to cis under UV, the micelles were thought to break apart, causing the gel-sol
transition. This transition was accompanied by a 3 order of magnitude change in the low shear rate
viscosity. Further background on the subtleties of the interactions between surfactants and polymers is
given in Chapter 4.
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Figure 1-8 Possible mechanism for reversible gelation in azoTAB-HMPAA mixtures. Micelles are present in
the dark-adapted or visible-adapted states; these micelles serve to crosslink the polymer coils into a network.
These micelles break down when UV light is used to convert azoTAB to the cis.
Other workers have hydrophobically modified poly(sodium acrylate) with azobenzene pendant groups
[44, 76]. Bovine serum albumin (BSA) [76] or typical surfactants [44] were added to supply crosslinking
sites. Again, gels formed with the azobenzene in the trans state, but the polymer-surfactant or polymer-
protein interactions were disrupted upon conversion to cis. The change in the low shear rate viscosity was
40-fold.
It is therefore possible to construct photoreversible gels by using mixtures of light-sensitive surfactant and
insensitive polymer, or light-sensitive polymer and insensitive surfactant. The light-modulated effect may
be stronger in the former case. That arrangement (azoTAB-HMPAA) was chosen for further study in this
work.
1.4 Thesis Overview
The general goals of this research were to characterize the aggregates formed by the surfactant azoTAB
under different light conditions, to use this surfactant to devise novel light sensitive colloids, to quantify
the rate of gelation in light-sensitive gels, and to study the interaction between surfactant and polymer
under different light conditions. As the photoisomerisation of azoTAB is central to all light-driven
aspects of this work, this reaction is studied in detail in Chapter 2. The kinetics of the reaction are
experimentally observed, and compared to models which were developed. This is needed to predict the
isomeric composition of an azoTAB sample, as a function of irradiation intensity, wavelength and
duration. Chapter 3 contains studies of micelle formation by azoTAB in aqueous solution. Included are
observations of whether micelles form under different concentrations and isomer compositions, and if
micelles are present, how many of the azoTAB molecules participate in them. These micelles act as
crosslinking sites in azoTAB-hydrophobically modified polymer systems, which are described in Chapter
4. This Chapter describes NMR observations of the interaction between surfactant and polymer, the rate
of isomerisation in these mixtures, and provides a linkage between molecular scale observations and
rheological measurements. Also described is the diffusion of solutes through the polymer-surfactant
matrix. Chapter 5 focuses on novel light-sensitive colloids that resulted from mixtures of azoTAB and
another surfactant. This includes transitions between large vesicles, small vesicles, and discs.
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Chapter 2
Photokinetics
2.1 Introduction
A series of photoresponsive systems are described in this work. The sensitivity to light in each system is
due to the azobenzene moiety. Azobenzene (Figure 2-1) can take either the trans or cis (Z, zusammen)
conformation about its N-N double bond. Interconversion between the two forms is driven by the
absorption of light; UV favors the production of cis, while visible light favors trans. The trans form is
more stable, so there is also a thermal reaction from cis to trans; a sample left in the dark will eventually
become entirely trans. This is known as the dark-adapted state.
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Figure 2-1 Isomers of azobenzene.
The azobenzene group is incorporated into a photosensitive surfactant, 4-ethyl-4'(trimethylaminobutoxy)
azobenzene bromide (azoTAB), shown in Figure 2-2. This surfactant was first synthesized by Hayashita
et al [1].
Figure 2-2 Structure of azoTAB, shown in the trans form
As discussed in Chapter 1, the trans isomer of azoTAB is more able to form micelles than the cis. This is
due to packing constraints imposed by the kinked shape of cis, as well as the fact that the trans isomer is
more hydrophobic. Using conductivity measurements, it has been demonstrated that there are
concentrations at which a trans-dominated sample will form micelles, but a cis-rich sample will not [1].
This difference in the ability to form micelles makes it possible to induce micelle formation or dissolution
with appropriate usage of light, as discussed in Chapter 3. These environmentally sensitive aggregates
can be further used as cross-linking points for reversible polymer gels, as discussed in Chapter 4.
The equilibrium state of such a gel or colloidal system is determined in part by the isomer composition.
The kinetics of any light-activated transition in such a system, such as gelation, can proceed no faster than
the photoreaction itself. Therefore a complete description of the photochemistry is prerequisite for
understanding the kinetics of the overall system and to design any applications. The rate of reaction and
the steady state composition (photo-stationary state) should be known for any given set of irradiation
conditions and azoTAB concentrations.
The photochemistry of azobenzene has been investigated for decades. The light-initiated reaction
between the trans and cis forms of azobenzene was first observed in 1937 [2]. Knowledge of the exact
mechanism is not required to adequately describe the kinetics, as was notably done by Zimmerman for
azobenzene in isooctane [3], and followed by others [4, 5]. Zimmerman used UV-Vis spectroscopy to
follow the reaction over time under various wavelengths of light, suggested a simple model that did not
assume any specific mechanism, and was able make some limited inferences about the mechanism from
the results. This approach has served as a blueprint for many workers in subsequent years. These
published results are, however, insufficient for the present study. The behavior of azobenzene derivatives
such as azoTAB can be expected to differ from azobenzene itself [6]. Solvent effects can also be
expected to affect the absorption and reaction characteristics [7, 8]. Previous workers have characterized
or used the azoTAB molecule in particular, though none have published a study of its kinetics [1, 9-11].
What follows is a description of such a study.
2.2 Experimental Section
2.2.1. Materials
The photosensitive surfactant 4-ethyl-4'(trimethylaminobutoxy) azobenzene bromide (azoTAB) was
synthesized as previously described in the literature [1]. All reagents were used as received from Sigma-
Aldrich. All solutions were prepared in deuterium oxide, obtained from Cambridge Isotope Laboratories
(Andover, MA). The deuterated solvent is required for NMR studies, and was used in all other
experiments as well to ensure consistency in the results.
2.2.2. Characterization
Isomer composition and photochemical kinetics were measured by both 1H NMR and UV-Vis
spectroscopy. The NMR data were collected using a Varian 500 MHz spectrometer and allowed direct
computation of the isomer composition through integration of peak areas. The number of scans was set
to ensure a signal to noise ratio sufficient for accurate integration (assessed qualitatively); at the lowest
concentration (0.4 mM) this was 36 scans, requiring a total acquisition time of 10 minutes.
Concentrations below 0.4 mM were not used to avoid overly long acquisition times. Fewer scans are
required for a sufficient signal to noise ratio as the concentration increases, decreasing to a total
acquisition time of 3 minutes used for 30 mM samples. Complete relaxation of the nuclei between each
scan is required for the collection of quantitative peak areas [12]. It is recommended to wait for at least 5
times the nuclear relaxation time T1 between scans, and this condition has been met by setting the delay
time between pulses at 10 seconds. The free induction decay (FID) is the signal measured in the
experiment; this was acquired in 3 to 5 seconds in each scan. Solutions were placed in quartz tubes
(Wilmad Labglass) with an outer diameter of 5 mm and a sample volume of 0.6 mL. Quartz was used
instead of the standard borosilicate glass as it is transparent across the wavelength range used to achieve
photoisomerization (300 nm to 600 nm), thus allowing samples to be irradiated after loading in the tube.
Complementary UV-Vis absorbance data were acquired using an Agilent 8453 spectrophotometer, with
samplt temperature set to 25 C using a Peltier cell unless otherwise noted. Absorbance can be measured
over the range 190 nm to 1100 nm. Quartz cuvettes were obtained from Starna Cells (Atascadero, CA).
The cuvette path length was chosen to ensure that the absorbance remained below 2, and was generally
below 1.5 for the peaks of interest. For concentrations between 0.005 mM and 0.08 mM, a standard
rectangular cuvette with a 1 cm path length was used. For concentrations between 1 mM and 6 mM a
path length of 0.01 cm was needed, as illustrated in Figure 2-3. In all cases, use of the Beer-Lambert Law
allowed calculation of the isomer composition.
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Figure 2-3 Reduced path length UV-Vis cell, used for concentrations of azoTAB above 1 mM (image from
Starna). The solution is placed within the indented well seen on the part on the right. The flat piece on the
left then covers and seals the well.
Photoisomerization of azoTAB was achieved using a 200 W mercury arc lamp (Osram, model 69198) and
a variety of filters. The spectral lines of the lamp are shown in Figure 2-4; it must be noted that the
available light is not uniform in intensity across the wavelength range of interest (300 nm to 600 nm).
Bandpass filters (360 nm Oriel #59810, 330 nm #59800), long-pass filters (400 nm #51272) and narrow
pass filters (350 nm #59640, 370 nm #59640, 400 nm #59280, 490 nm #59335) were used to isolate the
desired wavelengths for any given experiment. Narrowpass filters typically have a full width at half
maximum (FWHM) of 10 nm; the 330 nm bandpass filter and 360 nm bandpass filters have FWHM of
147 nm and 52 nm, respectively. Narrowpass filters thus yield more monochromatic light which
simplifies any analysis, while the bandpass filters permit greater light intensity which allows faster
photoconversion. The lack of strong Hg lines in the visible range does not permit use of visible
monochromatic light of high intensity, so longpass filters are used in this range. In all cases an additional
filter (Schott KG 4) was used to remove infrared wavelengths and prevent any heating they might cause.
The intensity of UV light was measured using an Accu-Cal 30 radiometer; intensities varied from 0.15 to
8 mW/cm 2 at a distance of 1" from the lamp outlet, depending on the filter.
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Figure 2-4 Spectral output of mercury lamp used in this work. Source: Sylvania.
Some supplementary data were collected using additional light sources of higher intensity. These are the
Blue Wave 200 lamp (Dymax Corp, Torrington CT) for polychromatic UV light and an Argon ion laser
operated at 1 W for 514 nm light. Both of these sources irradiate a smaller area than the Oriel lamp, but
at a higher intensity. The Dymax lamp produces an intensity of 50 mW/cm 2.
All solutions were prepared in the dark from pure trans crystals and they remain 100% trans so long as
they are stored in the dark. Photokinetics were measured by irradiating a sample (already loaded in
cuvette or tube) for some length of time and then inserting into the appropriate spectrometer for
measurement. The process is repeated on the same solution until the photostationary state is achieved.
The intervening time between irradiation and measurement is less than one minute, over which time the
isomeric composition is not expected to change (see Results). It has been found that the conversion at any
total irradiation time is independent of how many stages of irradiation were used, e.g. ten seconds of UV
light on an initially 100% trans sample brings about the same result as two five second doses of UV light
on an identical sample (see Figure 2-5).
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Figure 2-5 Effect of irradiation time increments on photoconversion rate. Measured by UV-Vis spectroscopy
at azoTAB concentration of 0.04 mM and irradiance of 5.4 mW/cm 2 from mercury lamp with a 360 nm
bandpass filter. Varying the irradiation increments does not significantly affect the amount of conversion.
Methodology described in following section.
Irradiation of samples in UV-Vis cuvettes took place as pictured in Figure 2-6a. Magnetic stirring was
using during irradiation for 1 cm path length cuvettes but is not possible with the shorter path length. A
similar procedure was used for samples in NMR tubes, shown in Figure 2-6b. Stirring is not possible in
the NMR tube. In all cases the entire sample volume fell within the illumination area, and the intensity
was not found to vary greatly within that area. The temperature of the sample was not controlled during
irradiation, but was generally not found to vary from room temperature.
Figure 2-6 Experimental setup for sample irradiation. 8A, for UV-Vis cuvette. 8B, for NMR tube. Light
exits lamp assembly through a filter with an outer diameter of 2 inches. Samples are placed 1" from the filter
in a marked location, to ensure consistent irradiance.
2.3 Results and Discussion
Like any other azobenzene derivative, the azoTAB surfactant used here can undergo photoisomerization
between trans and cis conformations upon absorption of light. UV wavelengths tend to drive conversion
towards cis rich solutions, while visible wavelengths achieve the reverse. This conversion is useful in the
case of azoTAB as the trans and cis isomers have different propensities to form micelles. Cis has a
higher dipole moment so it can be expected to remain dispersed as monomers in water at concentrations
higher than is possible for trans. Additionally the bent shape of the cis isomer does not lend itself to
efficient packing within a micelle. This difference in the ability to form micelles is the basis for the
photosensitivity of the materials described in this work.
As the balance between the two isomers controls the interesting aggregation behavior of the systems
being studied, it is of vital importance to measure the isomeric composition at any given time and to be
able to predict that composition over the course of some irradiation. Any change of properties in the
studied system will be at least as slow as the photoreaction.
2.3.1. Determination of isomeric composition
A reliable technique to measure the isomer composition is prerequisite for studying photochemistry. It
was found that both 'H NMR and UV-Vis spectroscopy are adequate methods, though the use of UV-Vis
requires some supporting data obtained by NMR. NMR is discussed first.
Shown in Figure 2-7 is the 'H NMR spectrum of the nine protons in the three methyl groups arranged
around the surfactant head. These nine are identical to each other in the NMR experiment and appear as a
single singlet.
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Figure 2-7 NMR (500 Mhz) spectrum of head group protons at 6 mM and 65 seconds of Dymax UV light.
Peaks integrate to 29.5% trans.
Two distinct singlet peaks appear; the upfield triplet corresponding to cis and the downfield trans. The
two isomers do not always appear in this relative order, so labeling must be done by following the peaks
as they evolve from the dark adapted state, in which the sample is 100% trans. The isomer composition
is simply determined by comparing the integrated peak areas of the two isomers. There are 11 different
peaks in the proton spectrum and they yield isomer compositions which are in close agreement with each
other. This agreement between all the peaks within a spectrum builds confidence in the measurement.
The addition of polymer can obscure some azoTAB peaks, but the aromatic peaks of azoTAB are always
well downfield of any polymer signal and thus integration is also possible with gel samples.
The appearance of two distinct peaks is a result of the relatively slow interconversion between cis and
trans during the measurement. If exchange between the two isomers is longer than the millisecond time
scale, the NMR experiment can resolve the two forms into two separate peaks [12]. The NMR data are
collected in the dark, and it is shown later that the thermal conversion from cis to trans in the dark is
much slower than that time scale, so this appearance of distinct peaks is consistent with expectations.
Irradiation is performed prior to the NMR reading, but photoisomerization upon absorption of a photon is
expected to be on the picosecond scale [13], so this step is assumed to be instantaneous and completed
before the NMR acquisition.
Having established the usage of NMR to find isomer compositions, it becomes possible to also use UV-
Vis spectroscopy to the same end. The basis of using UV-Vis absorbance to find the isomer composition
lies in the Beer-Lambert Law, shown in derivative form:
d =-aCdx (2.1)
where d is the reduction in light intensity due to absorption across a slab with thickness dx, I is the
local light intensity (more properly 'irradiance'), C is the molar concentration of the absorbing species
and a is some wavelength-specific constant. The basis for this expression is purely empirical.
Equation (2.1) integrates to
lnL = a Cdx (2.2)
IL 0
where L is the path length, I is the incident intensity and IL the intensity at x = L. This expression
simplifies to (2.3) if the concentration of the absorbing species is uniform throughout the sample volume:
In L= aCL (2.3)
IL
It is common practice to use base 10 logarithms instead of the natural:
A = log -*= eCL (2.4)
IL
where A is the absorbance and & the molar absorptivity, which is wavelength-specific. UV-Vis
instruments generally report the absorbance as defined in Equation (2.4). The previous constant a is
related to e by
a = sln(10) (2.5)
The precision of the UV-Vis measurement becomes insufficient at absorbance values above 2. At a path
length of 1 cm, this sets a concentration limit of 0.08 mM. Also, at higher concentrations, intermolecular
interactions may influence the absorptivity and any large aggregates may cause scattering, so
measurements in such regions must be carefully considered.
Guided by Equation (2.4), the absorbance at a series of different concentrations is measured for 100%
trans samples. The path length is known, so the absorptivity can be calculated from the slope of the
absorbance against concentration. The absorptivities for the 100% trans samples are shown below.
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Figure 2-8 Molar absorptivities of trans and cis azoTAB, measured at concentrations between 0.01 and 0.08
mM using a 1 cm path length cell held at 25 C. Trans taken directly from slope of absorbance vs
concentration; cis computed as described in the text.
It should be noted that while pure trans can be isolated, as confirmed by NMR, it is very difficult to
obtain crystals or solutions of pure cis [3]. Instead, cis-rich solutions were prepared under UV light (97%
cis, as measured by NMR), and the Beer-Lambert Law was used as written for two components:
A =C ,,C,,r~siC , (2.6)
It can be readily shown that the slope of absorbance versus concentration for this cis-rich solution will
yield an apparent absorptivity sa from which the actual cis absorptivity seican be calculated:
=a -,,t y''' Ytas(2.7)
cis
where ytrns and ycis are 0.03 and 0.97 respectively, or the compositions of the UV-adapted solution. The
mole fractions used here and throughout this work exclude the solvent. The molar absorptivities for cis
shown in Figure 2-8 are thus calculated and not directly taken from the slope of A vs concentration. This
approach for finding the cis absorptivities differs somewhat from that seen in the literature [3]. There are
claims in the literature that 99% cis samples can be isolated by liquid chromatography [2, 3, 14], but this
procedure was judged too unwieldy for the purposes of this work.
The absorptivities in Figure 2-8 are similar to those found by Lee for azoTAB in non-deuterated water
[9], though they differ somewhat from pure azobenzene in ethanol (Figure 2-9). These differences may
be due to both solvent and substituent effects [8]; the additional data required to distinguish between the
two effects were not collected. In particular, the azobenzene spectrum is significantly blueshifted in
comparison to azoTAB. The azoTAB peak around 350 nm corresponds to the n-n* transition to S2, while
that around 440 nm is assigned to n-7c* (SI). The n-n* transition is weak in trans as it is forbidden for
that isomer [6], though it is rather stronger in azoTAB than in azobenzene. The n-n* and n-x* bands are
much better separated in azobenzene than in azoTAB, in which they overlap significantly. The highest
energy peak may correspond to the ac-a* peak. Vibrational fine structure is not observed.
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Figure 2-9 Effect of substituents and/or solvent on molar absorptivity. Solid line: 100% trans azoTAB in
deuterium oxide (from Figure 2-8); broken line: 100% trans azobenzene in ethanol. Azobenzene data
measured between 0.01 and 0.04 mM in 1 cm path length cell.
Some insights can be drawn from the absorptivities illustrated in Figure 2-8. The cis isomer shows well-
separated n-m"* and n-7* bands, with the former being blue-shifted in comparison with the trans.
Irradiation in the it-* band should tend to cause conversion to cis, since trans absorbs much more
strongly than cis over these (UV) wavelengths. Any trans present would have much opportunity to reach
the excited states that enable the reaction. The absorptivities of the two isomers in the n-t* band are
more similar in magnitude. Visible irradiation would favor the formation of trans, but not as strongly as
the converse. These inferences based on the absorptivities should hold unless one reaction (cis-to-trans or
trans-to-cis) is somehow much more favourable than the other. The relative favourabilities of the two
reactions can be assessed by comparing their quantum yields, which are discussed later in this chapter.
Having found the absorptivities, the isomeric composition of any solution can be found by fitting the
absorbance predicted by the two-component Beer-Lambert Law to the measured absorbance by adjusting
the isomer molar fractions. The appearance of consistent isobestic points (at 223, 248, 305 and 429 nm)
in Figure 2-8 and Figure 2-10 allows the assumption that there are only two absorbing species in the
solution. The molar absorptivities of cis and trans are equal at those points and it would be a remarkable
coincidence if a third component also had the same absorptivity at that wavelength.
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Figure 2-10 UV-Vis absorption spectra for 0.04 mM azoTAB solutions for different durations of irradiation
at 370 nm. 400 seconds required to reach the UV photostationary state. Isosbestic points are clearly
observed.
The fit was done by minimizing the sum of squared errors between the measured absorbance and the
Beer-Lambert expression over the range from 280 nm to 450 nm. The fits are very good over this range
of wavelengths; an example is shown in Figure 2-11.
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Figure 2-11 Comparison of measured absorbance (in red) and the absorbance using best fit isomer
compositions (blue). Concentration of 0.028 mM and trans fraction of 0.587.
The isomeric compositions found from NMR and UV-Vis have been shown to be in close agreement, as
seen in Table 2-1.
Table 2-1 trans fraction as measured by NMR and UV-Vis on the same samples. Details in text. Based on
repeatability, the uncertainty range is about = 0.02.
NMR UV-Vis
1.00 1.00
0.97 0.92
0.69 0.70
0.38 0.40
0.24 0.26
0.06 0.09
0.05 0.04
This comparison between the two spectroscopic methods was complicated by the fact that the
concentration ranges available for routine use in either instrument do not overlap. The maximum
allowable concentration for UV-Vis using a standard 1 cm path length cuvette is 0.08 mM, which is
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below the concentration range at which integrable spectra can be acquired using NMR in under 20
minutes. Therefore this experiment was performed by irradiating a large volume of 1 mM azoTAB
solution with stirring. At various times the light was shuttered and a portion of the solution removed.
Part of that portion was diluted to 0.04 mM for the UV-Vis measurement and the remnant was used
directly for NMR. It was assumed that simple dilution would not cause any isomerisation.
The NMR method of determining the isomer composition is assumed to be more accurate than the UV-
Vis, so NMR is used to corroborate results from UV-Vis when possible. The fitting procedure used in the
UV-Vis method is sensitive to minor errors in the total surfactant concentration. When examining
solutions known by NMR to be 3-4% trans, it was found that UV-Vis would return trans fractions
between 1% and 6%. Formal error bars are not shown for isomer compositions in this work, but this
range should guide an understanding of the uncertainty involved.
As the molar absorptivities seen in Figure 2-8 were measured at concentrations below 0.08 mM, it may be
questioned whether those values apply at the higher concentrations used to make gels (1 to 30 mM), or
whether the Beer-Lambert Law even applies at those concentrations. To check if the Beer-Lambert Law
is applicable at higher concentrations, the molar absorptivities were measured again, at concentrations of
1 mM to 6 mM. A path length of 0.01 cm was used to find these values of s; they are very similar to
those found at the lower concentrations, as shown below:
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Figure 2-12 Molar absorptivities in the dark adapted state. "Low" measured between 0.01 and 0.08 mM;
values taken from Figure 2-8. "High" measured between 1 and 6 mM using 0.01 cm path length cell.
Absorptivities are comparable.
Not only are the absorptivities similar in the two concentration ranges, but the slopes of absorbance
plotted against concentration are still very linear at the higher concentrations. This linearity confirms the
applicability of the Beer-Lambert Law over that concentration range; distortions such as scattering due to
any aggregates do not appear to take place.
2.3.2. Thermal Conversion
As the trans form of azobenzene is of lower energy than the cis (AH = 56 kJ/mol for azobenzene [6]), any
cis-rich solution will revert to trans over time, even in the absence of light. This reaction is denoted as the
thermal reaction. It could be inconvenient if it occurred quickly, because use of light would no longer be
the only factor controlling the state of the system. It is therefore important to assess the rate of this
reaction. Using UV-Vis spectroscopy to measure the changing isomeric composition while a sample is
kept in the dark, the rate constant for this thermal reaction can be found.
The isomerisation is expected to follow a first order rate law:
d___ 
= 
-k, C.
dt
(2.8)
A semi-log plot of is against time would thus be expected to be linear, and
Ycis,t=o
0.9
0.8
0.7
0.6
as seen below, it is:
Time, hours
Figure 2-13 Plot to find first order rate constant for thermal isomerization, in 0.05 mM azoTAB solution at
25 C. Initially nearly entirely cis, so ordinate is approximately equal to the cis fraction.
y = -0.017x + 1.000
R2 = 0.999
The measured rate constant at 0.05 mM and 25 C, 0.017 1/hr, is comparable to that measured for
azobenzene in isooctane, 0.008 1/hr [3]. The isomer composition changes slowly enough in the dark that
this thermal reaction can be ignored at times up to one hour. There is currently insufficient data to
quantitatively determine whether this rate constant applies at the concentrations more relevant to the
systems described in this work (1-20 mM). A truly first order reaction would show no such concentration
dependence. It has however been found with other azobenzene derivatives that tight packing reduces the
thermal isomerization rate, due to steric hindrances [15]. It is therefore possible that this reaction rate is
lower at the higher concentrations at which aggregates form. Any shift in the direction of a slower
thermal reaction is considered to be favorable.
In order to emphasize the slow rate of reaction, the same data are shown again in Figure 2-14, with the
expected cis fractions extended to long times. At 25 C, over a week may be required for a cis-rich sample
to revert fully to the dark-adapted state. While the thermal isomerization rate has not been quantitatively
measured over periods of such length, these time scales are consistent with informal observations. The
slow rate of this reaction makes azoTAB favorable for use in practical applications, as its conformation
will not appreciably change unless it is irradiated.
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Figure 2-14 Measured cis fractions and expected cis fractions using first order rate law, extended to 100
hours.
The thermal isomerization rate measurements were repeated at 15 C and 35 C to find the activation
energy. An Arrhenius plot is shown below:
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Figure 2-15 Arrhenius Plot to find Activation Energy, data at 0.05 mM and 15, 25 and 35 C
The activation energy is 90.4 kJ/mol, which falls into the range of literature values for azobenzene
derivatives of 85 to 100 kJ/mol [6, 16]. Raising the temperature of the sample thus provides a secondary
method for driving the solution towards trans, in addition to visible irradiation.
2.3.3. Photokinetics
Having established robust methods for determining the isomer composition, it becomes possible to study
the photochemical reaction in some detail. At any given wavelength of irradiation, the isomer
composition eventually reaches an equilibrium known as a photo-stationary state (PSS). The PSS has
been found to be fairly independent of total concentration, though it is not achieved on reasonable time
scales if the optical thickness is too great.
A range of different filters has been used with a mercury lamp to produce different photo-stationary
states. These are summarized in the table below. This knowledge would be helpful in designing
applications that use azoTAB; if it is desired to maintain the isomer composition at a certain value, one
only has to choose the appropriate filter.
Table 2-2 Photostationary states at different wavelengths. Measured using either UV-Vis and/or NMR at
various concentrations. Sample is irradiated until spectra stop changing.
Filter PSS trans fraction
546 nm 0.98
510 nm and longer 0.93
514 nm 0.90
455 nm and longer 0.70
437 nm 0.54
400 nm and longer 0.47
400 nm 0.24
330, 350, 360 or 370 nm 0.03 to 0.04
The rate of conversion is related to the molar absorptivities at the irradiation wavelength, the total
concentration, the intensity of irradiation, and the quantum yield (discussed below). The molar
absorptivities at 500 nm and longer are very weak (Figure 2-8), so relatively higher photon fluxes are
needed at those wavelengths in order to achieve conversion within a reasonable time frame. An argon ion
laser is helpful in this regard, providing a high photon flux at 514 nm. Using the available mercury
lamps for shorter wavelengths, conversion takes place on the time scale of minutes at the concentrations
of interest, 1 mM to 20 mM (see Figure 2-16).
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Figure 2-16 Reaction trajectories for azoTAB solutions in D20, initially at 100% trans, at 2, 6, 9 and 30 mM.
Samples irradiated while in NMR tubes, inner diameter 4.9 mm. UV irradiation from Dymax lamp is used.
Data should be taken as qualitative.
2.3.3.1. Well-mixed solutions: Model and experimental results
A kinetic model to describe the photoreaction would be helpful for describing and predicting the behavior
of this system. Work towards this end was begun with well-mixed sample volumes, as this simplifies
both the measurement and analysis of the reaction. A mathematical framework for describing the reaction
in mixed solutions has been used in the literature for decades [3]; the derivation is repeated here. The
sample volume is assumed to have a uniform cross-sectional area A, as in a standard UV-Vis cuvette.
It is customary to define a term known as the quantum yield, which is specific to each component. For
example, the quantum yield ltrans is defined as the probability that a trans molecule will convert to cis
upon absorption of one photon by that molecule. The rate of trans to cis reaction is equal to the rate of
light absorption by trans multiplied by #,r . The quantum yield is generally taken to be independent of
concentration. It can vary with wavelength, though it has been shown to be fairly constant within a given
absorption band, e.g. xT-iT* or n-7c* [3-5].
xFigure 2-17 Schematic for light absorption across a sample. Io is the irradiance, and IL is transmitted. Ac, is
the cross sectional area.
The total rate of absorption in the control volume is equal to A,, (I - I) as seen in Figure 2-17, where
I0 is the incident photon flux and IL is the exiting flux. Assuming the concentrations are uniform
throughout the volume and that the irradiation is monochromatic, the Beer-Lambert Law can be
manipulated to show that this rate of absorption is equal to
AJ5 O (1-10-D) (2.9)
where D is the optical density or total absorbance:
D=8ras Ctras, L+ e ..Cas L (2.10)
This definition of quantum yield requires the rate of absorption by each individual isomer; again applying
the Beer-Lambert Law, the volumetric rate of absorption by trans is
AIo (1-10~ ) etrans Ctrans (2.11)
Strans trans cis cis
and a complementary expression is valid for cis.
The component balance then can be written as
dCrans = transAcsO (1-10-D)rans trans s AcsI 0 (110-D )Ecis Cs
" dt Ctrans tras + E+ CCs Atras Lras +( .12C
which simplifies to
dC''"= -#1raoFEr Cr+ qj 5I0 F e 1 Cs + kCc (2.13)
dt rans trans
where F is a function of time known as the photokinetic factor:
1-10-4
F(t)= (2.14)D
As the optical density approaches zero, the photokinetic factor approaches the natural logarithm
of 10, under which condition Fe is equivalent to a . This simplification is not relevant here,
but provides a link to the model described in Section 2.3.3.3 below.
It is unnecessary to repeat the exercise for cis, as at any given time, C, = C,, + C .
The irradiance I must be expressed as a molar photon flux, whereas it is measured using a meter
reporting in power per unit area. The power is converted to a photon flux by making use of the Planck
relation, E = hv , to find the energy of a single photon at the given wavelength.
Equation (2.13) can be numerically integrated to find the expected C,,s (t), provided the two quantum
yields are somehow known. Best fit values of the quantum yields are found by comparing the model
results with experimental results for Ctra,. (t) in a well-mixed solution. In practice only one quantum
yield need be fit, as solving Equation (2.13) at the photostationary state yields an expression relating the
two values of #:
SYtrans,PSS 8 trans r 
-s(2.15)
T cis trans
ycis,Pss 6 cis
in which the compositions at the PSS are known. This expression assumes that the thermal reaction term
is negligible in comparison to the photoreaction terms in Equation (2.13), which has been confirmed to
be true under the conditions used to find values of the quantum yield.
UV-Vis was the method chosen for initially monitoring the photoreaction for the purpose of finding the
quantum yields and assessing the applicability of the model described above. UV-Vis cuvettes allow
stirring during irradiation and present simple planar geometry, as required by the model. As stated
earlier, the use of I cm path length cells limits the concentration range to a maximum of 0.08 mM, which
is rather below the range of 1 mM to 30 mM which is relevant in the gels studied in this work. However,
the quantum yields measured at the lower concentrations are expected to be valid at the higher
concentrations. This assumption is tested in a later section.
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Figure 2-18 Test of the mixed model, including the predicted concentration dependence. Reaction results are
shown for 0.03, 0.04, 0.05 and 0.06 mM azoTAB solutions, in a 1 cm path length cuvette with stirring. 5.43
mW/cm 2 irradiation used for each, using 360 nm bandpass filter. Shown with results from mixed-volume
model, using quantum yield values fit separately for each concentration. Best fit values of #tra.: 0.24, 0.24,
0.26 and 0.26 for 0.03 mM through 0.06 mM, in ascending order. Corresponding 4, : 0.10, 0.10, 0.10 and
0.11. 8 trans and eg, are 25.0 and 2.3 cm' mM-1, respectively.
Some representative results are shown over a range of concentrations under 360 nm band pass irradiation
in Figure 2-18. It is readily seen that the model given above adequately describes the observed rate of
reaction, including the concentration dependence of the reaction rate. Values of the quantum yields were
fitted separately for each individual concentration: #,, values range from 0.24 to 0.26. If it can be
shown that these values are essentially equivalent, then the assumption that quantum yield is independent
of concentration is justified.
The sensitivity of the model to quantum yield values is therefore demonstrated in Figure 2-19, using the
0.05 mM data from Figure 2-18. As the quantum yield increases, the reaction curve approaches the
limiting case in which absorption always leads to reaction. The difference between the model-predicted
conversion rates at 'Arans values of 0.24 and 0.26 is not absolutely negligible, but it falls within the
uncertainty of any experimental measurement. The quantum yield is therefore taken to be independent of
concentration, at least over the concentration range examined in Figure 2-18.
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Figure 2-19 Sensitivity of reaction rate to quantum yield. Data is from Figure 2-18, 0.05 mM. Model curves
for trn values of 0.1, 0.2, 0.24, 0.26, 0.3 and 0.4.
A similar approach was used for other wavelengths; data collected at a concentration of 0.02 mM using
350 nm narrow band irradiation are shown in Figure 2-20. Due to the narrow band pass of the filter, the
photon flux is much lower than that in the preceding examples. The time scale of the reaction is therefore
much longer. The best fit values of the quantum yield are 0.34 and 0.08 for trans and cis, respectively.
Fewer data sets were collected at this wavelength, so it is not apparent whether the observed difference in
trans between the 350 nm and 360 nm filters is significant, or due to some experimental uncertainty.
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Figure 2-20 Photoconversion of azoTAB at 0.02 mM and 350 nm light, in stirred 1 cm path length cuvette.
Incident intensity is 0.15 mW/cm 2. Solid line is model result using best fit value of quantum yield: frrans is
0.34 and #,i, is 0.08. e, and C.6, are 26.3 and 3.4 cm' mM-1, respectively. Initial and maximum absorbance
at irradiation wavelength is 0.42.
Complicating the analysis of this reaction is the fact that the model was derived for monochromatic
irradiation, whereas actual experimental conditions involve a distribution of wavelengths, particularly
when a band pass filter is used. In each case, calculations were done assuming monochromatic
conditions; from the results this approach appears reasonable. This issue is generally ignored in the
literature, though an intensity-weighted average molar absorptivity has been suggested to account for the
wavelength distribution [17]. Attempts to account for polychromaticity using this or any other method
were unsuccessful due to insufficient data for the lamp's spectral radiance.
The quantum yields measured in the UV band are summarized in the table below:
Table 2-3 Measured quantum yield values, ;f - z * band
Wavelength, nm Quantum yield, trans to cis Quantum yield, cis to trans
330 nm (band pass filter) 0.36 0.06
350 nm 0.34 0.11
360 nm (band pass filter) 0.26 0.09
370 nm 0.23 0.07
Unfortunately it was not possible to measure the quantum yields in the visible wavelength range, due to
poor quality measurements of the lamp's radiance in this range. However, it does appear very likely that
the quantum yields in the visible range are higher than those in the UV. It is also possible to determine
the ratio of the forward and reverse quantum yields, using Equation (2.15). Using this method, it can be
seen that ""as is well above unity in the UV range (as shown above), about unity at 400 nm, and is
about 0.5 at 514 nm. This wavelength dependence in the quantum yields suggests some complicated
behavior in the potential energy surfaces of the system.
The importance of repeating these measurements for azoTAB despite the existence of published data for
azobenzene is underscored by the differences in absorptivities as seen in Figure 2-9, and also the lack of
agreement with reported quantum yields and photostationary states [3-5, 17]. Multiple authors have
found in the n-ir* band a #r,,s of 0.10-0.15 and a #ds of 0.35-0.41, in marked contrast to the results
reported here.
2.3.3.2. Theoretical significance of the quantum yield
To this point, no assumptions have been made concerning the number or nature of intermediate steps or
states in the overall reaction. Previous workers have attempted to shed light on the physical nature of the
transition states using quantum chemical computation; this is beyond the scope of this work. Other
workers have proposed plausible intermediate steps and have written rate laws, accordingly. Deshmukh
[18] proposed the following mechanism:
A E^' >A* h > B (2.16)
with the corresponding reverse reaction
B "> B* dBA(2.17)
where A* and B* are excited states. On applying the quasi-steady state assumption for the excited states,
it was found that #A = kM / (kA + kd4) and B =kdB/ (krB + kdB). It was not possible to make any
inferences about the values of the various rate constants introduced, but it is worth noting that in both this
mechanism and others [3], the quantum yield is expected to be a constant with respect to concentration.
This result would tend to justify the approach taken in this work, where no mechanism is proposed but the
quantum yield is assumed constant over the course of a reaction.
Zimmerman did attempt to rule out another mechanism based on the empirically measured values of the
quantum yield, but there is a possible error in that analysis. The mechanism in question is
A '>X * > B (2.18)
and it was stated that this mechanism requires that #A +#q =1. This is true if the quantum yield #A is
defined differently, as the ratio of the rate of reaction from A to B to the rate of photon absorption by the
entire system, both A and B. This is in contrast to the definition of quantum yield used in the rest of that
work and that used here, which is the probability of reaction upon on absorption by a single species.
2.3.3.3. Unmixed systems: model
The assumption of a well-mixed solution may not be applicable to viscous gels, such as those formed
when the appropriate polymer is added to azoTAB. For such gels, any analysis must allow for spatial
gradients in concentration to develop. The rate of light absorption will be higher where the light enters
the sample volume, so conversion there will initially occur more quickly than in the rest of the sample.
The overall rate of reaction is thus limited by the photon flux.
The partial differential equations appropriate for this case have been previously described [18]. Using the
Beer-Lambert Law, the light absorbed by species A in a differential slab with length dx is
dIA = -aAICAdx (2.19)
where I is the local light intensity, and a is the molar absorptivity as defined in Equation (2.3). The
species conservation equation for the differential slice at some position x is thus
(C 'tra =-,transatransIC,,.+ $,acIC +kC
(2.20)
The attenuation of intensity with distance is described as
(2.21)C ax =-I(atrascirans+ aeCis )
Solving Equations (2.20) and (2.21) simultaneously will provide Ca. (x, t). The origin where x=O is at
the point where the light first encounters the sample (see Figure 2-17).
Some spatial profiles generated from the model are shown in Figure 2-21 to illustrate the gradients that
can arise. The irradiation wavelength is 360 nm and the incident intensity is 4.2 mW/cm 2, equal to what
is experimentally available.
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Figure 2-21 Predicted concentration gradients at various times. Total concentrations: Figure 2-21A, 0.05
mM; Figure 2-21Figure 2-21B, 0.5 mM; Figure 2-21C, 5 mM. Figure 2-21A, profiles shown at 0, 2, 7, 16, 33
and 100 seconds. B, profiles shown at 0, 110, 280, 570, 1145 and 1400 seconds. C: 0, 495, 2500, 12500 and
50000 seconds. Entire solution initially fully trans in each case. 360 nm light incident at x = 0 mm and 4.2
mW/cm 2. derans is 0.26 and #ci, is 0.09. 6trans and 6,, are 25.0 and 2.3 cm' mM', respectively. Initial (and
maximum) absorbance at irradiation wavelength is 1.25, 12.5 and 125 at 0.05, 0.5 and 5 mM, respectively.
As the concentration is increased, the concentration gradients become rather sharper and the penetration
depth at any given time is reduced. This is due to the molecules at the front of the sample (low x)
absorbing much of the light and converting much more quickly than molecules at high x. The width of
the gradient part of the profiles roughly corresponds to the characteristic length (SC)'. At high
concentrations, the sample volume at high x may never achieve the true photostationary state.
The presence of these concentration gradients also causes the average concentration to deviate from that
in the well-mixed case, as seen in Figure 2-22.
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Figure 2-22 Comparison of models with and without mixing. Dotted lines from mixed model; solid lines
from unmixed model. Spatially averaged composition at each time shown for unmixed model. Solutions
initially at 100% trans. Irradiation wavelength 360 nm, intensity 4.2 mW/cm 2. Path length 1 cm.
At 0.05 mM where the total absorbance is at most 1.25, there is little deviation between the mixed and
unmixed models. As the concentration is increased, any lack of mixing causes a dramatic decrease in the
overall conversion rate. This decrease occurs because much of the incident light is being absorbed by the
solution in a skin layer at the front of the sample, where the energy absorbed goes towards maintaining
the photostationary state locally. With mixing, more of the energy absorbed goes towards net conversion,
as opposed to maintaining a photostationary state.
The model results for unmixed samples should provide the slower limit for experimental results, as some
diffusion on these time and length scales can be expected. The width of the concentration gradient in
Figure 2-21c is about 0.4 mm, while the diffusivity of azoTAB can vary from 4*1010 m2/s for free
monomers to 4* 10-12 m2/s for azoTAB bound to a polymer network (from Chapters 3 and 4). This leads
to characteristic diffusion times of anywhere from 400 to 40,000 seconds. If any significant amount of
unbound surfactant exists in the sample, the concentration profiles will not be as sharp as those seen in
Figure 2-21c. Diffusion is considered more quantitatively in Chapter 4.
The kinetics in unmixed samples at high concentrations could be made faster by irradiating the sample
from multiple directions, or increasing the intensity. The expected effect of increasing the incident
intensity is seen in Figure 2-23.
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Figure 2-23 Predicted average trans fraction in unmixed samples at varying incident intensity: 10 =4.2, 42
and 420 mW/cm 2. All at 5 mM and 360 nm irradiation.
The increase in intensity does improve the overall kinetics in the unmixed sample by causing deeper
penetration at any given time. 42 mW/cm2 can be achieved using the Dymax BlueWave lamp mentioned
earlier, while intensities of higher orders of magnitude can be achieved through use of a laser. A laser
could be used for pinpoint irradiation, or some optics can be added to spread the light somewhat.
It is difficult to directly observe the spatial concentration gradients discussed above, but both UV-Vis (see
Equation (2.2)) and NMR can give the spatial average of the concentrations, which can be compared to
the spatial average of the model results.
2.3.3.4. Applicability of system
Concentrations on the order of 5 mM-10 mM azoTAB are most relevant for the applications explored in
this work. Such concentrations are necessary for the formation of aggregates. As can be seen in the
Figures above for unmixed samples, the rate of conversion at long path lengths can be quite slow at this
concentration. This photon flux limitation will determine the maximum dimensions of a plausible device
using azoTAB, if the material cannot be mixed.
The size limitation can be conveniently portrayed by calculating the penetration depth in Figure 2-21 as a
function of time:
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Figure 2-24 Position of penetration profile as a function of time, for two different UV irradiances. No mixing
or diffusion effects are included. Both irradiances can be achieved using the equipment in this work; a laser
could be used to produce higher intensities.
It is suggested that systems that depend on the reversible aggregation of azoTAB be limited to the micro-
scale, unless mixing or irradiation from multiple directions is possible.
2.3.3.5. Reaction rate measurements using NMR
The experimental results shown above were limited by the concentration range accessible by using
standard UV-Vis cuvettes (below 0.08 mM). The colloids and gels of interest in this work are prepared at
higher concentrations (above 0.5 mM), so an alternative method of measuring the reaction rates is
necessary. Given its successful use in measuring the isomer concentrations, NMR was chosen for this
extension of the work. However, the geometry of the NMR tube (shown in Figure 2-6B) presents
difficulties in the study of photochemistry. Irradiation along the axial dimension of the tube is
inadvisable due to the long path length in that direction (about 5-6 cm). This path length, combined with
the strong absorbance of azoTAB, would ensure strong axial concentration gradients and extremely slow
conversion rates at the location of the NMR detector midway in the liquid height. It was therefore chosen
to irradiate the samples from the side instead, as illustrated in Figure 2-6B. While this is experimentally
more viable, it complicates the analysis. The models which have been developed assume rectangular
geometry, whereas this experimental setup is cylindrical.
A rigorous model for this geometry would be written in two dimensions, but it is plausible that the
rectangular model would provide qualitatively correct results if the average path length through the
cylinder is used as an effective path length in the model. The outer diameter of the NMR tube is 5 mm,
;TR 2
while the inner diameter is 4.92 mm. The average path length is - , or 3.87 mm.
D
Initial NMR measurements were made on an azoTAB solution of 0.4 mM in order to demonstrate the
feasibility of this approach. The relatively low concentration was used in order to avoid strong
concentration gradients that would complicate this preliminary analysis. The experimental results were
then compared to the model prediction using the trans quantum yield previously found for the 360 nm
filter, 0.26. This comparison is seen in Figure 2-25 for both the mixed and un-mixed models.
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Figure 2-25 Measured and model results for 360 nm irradiation on a 0.4 mM solution in a NMR tube.
Broken line used for mixed model, solid line for unmixed model. Incident intensity is 4.8 mW/cm2 . Quantum
yields used as measured in previous experiments. Average length of the cylindrical tube (3.87 mm) is used in
the rectangular model.
There is what can be described as a qualitative agreement between the data and prediction of the mixed
model, while somewhat poorer agreement with the unmixed model. In the process of handling the
sample, there was likely some agitation between scans. The sample is not particularly viscous, so this
level of agitation likely ensured some mixing. It is therefore reasonable that the mixed-volume model
applies. The agreement between model and experiment suggests that the geometric assumptions made in
applying the model are valid.
Having verified the approach, similar experiments were then performed at higher concentrations and also
with viscous gels. These results are also consistent with the models, and are discussed in Chapter 4. The
data also show direct evidence of the spatial gradients discussed above.
2.3.4. Energy diagram of azoTAB
Some general aspects of the thermodynamics of azoTAB can be inferred from the experimental
observations. The photoreaction has been shown to take place over the time scale of seconds, minutes or
hours, depending on the light intensity. The thermal conversion of cis molecules to the more stable trans
form occurs over the course of days, and under most conditions is dominated by the photoreaction. The
difference in time scales between the thermal- and photo-initiated reactions suggests that the activation
energy barrier for isomerization is not easily crossed in the ground state, but the barrier is either reduced
or bypassed in the electronic excited state obtained on the absorption of light.
A hypothetical and simplified series of potential energy surfaces (PES) is shown in Figure 2-26 to
illustrate this concept. The surfaces are plotted against an unspecified reaction coordinate; realistically
the reaction coordinate would be multidimensional to allow for all the bond rotations seen in the rotation
and inversion pathways pictured in Figure 1-3. In the ground state, a significant energy barrier to reaction
is seen. Above the ground state are the excited states Si and S 2, corresponding to visible and UV
absorption, respectively. Absorption will initially place the molecule on Si or S2 along the dotted line, in
accordance to the Franck-Condon principle. The excited molecule will then sample different
configurations until it reaches a point where two PESs intersect, at which point it will jump to the lower
energy electronic level. Such an intersection is known as a conical intersection (CI), and would be better
represented on a multi-dimensional plot [19-21]. An actual intersection is not needed for radiationless
relaxation, and is not explicitly shown in every instance in Figure 2-26, but quantum chemical
calculations suggest that CIs are active in this system [14, 21-24]. It should be apparent that the energy
from the absorption of light is used to overcome the energetic barrier to isomerization. It should also be
noted that excitation need not lead to isomerization; the molecule can relax back to its original form.
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Figure 2-26 Hypothetical energy diagram of azoTAB system, only to illustrate basic concepts. Shown are
possible potential energy surfaces for ground and excited states. See discussion in text.
2.3.5. Stability and sensitivity to ambient light
Degradation of azoTAB has not been observed in solution in deuterium oxide, even in samples which are
three years old and have undergone dozens of photoreaction cycles.
Great care was taken throughout to limit exposure of azoTAB to the ambient light, but seconds of stray
light will not cause significant photoconversion. In ten minutes under indoor fluorescent lighting, a 0.03
mM sample went from 93% to 79% trans. It can be inferred that at higher concentrations (1 to 10 mM), a
momentary exposure to stray light will have little effect.
2.4 Conclusions
The characteristics of the light-initiated isomerization reaction of azoTAB have been comprehensively
described over a range of conditions, including different concentrations and irradiation wavelengths.
Experimentally, both UV-Vis and NMR spectroscopy can be used to follow the reaction over time. These
observed reaction trajectories have been found to be consistent with appropriate models. This
understanding will guide the design of practical applications which rely on the light-sensitive nature of
the azoTAB molecule. For example, the models can be used to determine the required irradiation
wavelength and intensity for a desired conversion rate. The importance of photon flux limitations at high
concentrations was also examined.
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Chapter 3
Characterization of Micelles
3.1 Introduction
The photoisomerization of azoTAB between cis and trans forms was described in Chapter 2. In this
chapter, the aggregation properties of azoTAB will be examined at various light conditions. Similar to
any surfactant, azoTAB consists of a hydrophobic tail group and a hydrophilic head. In this case, the
head is hydrophilic due to it being charged. There are no strong intermolecular interactions between the
surrounding water and the hydrophobic tail, so water will prefer to interact with other water molecules
through hydrogen bonding. The water molecules will order themselves around the intruding tail in order
to maintain hydrogen bonding with each other. This ordering represents a decrease in entropy, which can
be counteracted by segregating the hydrophobic tails such that they impose a minimum disruption on the
surrounding water molecules [1]. This effect would result in a second liquid phase, as with oil and water,
if not for the hydrophilic head group. Instead various structures such as micelles self-assemble such that
the head groups are in contact with, and the tails are removed from, the solvent.
Figure 3-1 Selection of possible self-assembled structures. Shown are spherical micelles, a worm-like micelle
and a vesicle. Factors including the geometry and concentration of the surfactant, as well as concentration of
any added salt, will determine which structure is formed.
It is not always energetically favorable for these aggregates to form; it is generally observed that
significant micelle formation only occurs above a certain concentration known as the critical micelle
concentration (CMC). As the concentration is increased past that point, the additional surfactant
molecules tend to go towards the formation of more aggregates. Further increases in concentrations may
lead to transitions between the different types of aggregate shown in Figure 3-1.
The various applications of azoTAB discussed in this work are based on its aggregation properties and
how these change under various light conditions. It may be expected that both forms of azoTAB, trans
and cis, will form aggregates under appropriate conditions. A solution composed of both forms will
contain mixed micelles, also composed of both forms. However, as discussed in Chapter 2, the trans
form is more likely to self-assemble into micelles than the cis (see Figure 3-2). The use of irradiation to
change the overall isomeric composition can then be expected to change the number, composition and
size of the micelles. There is hence a strong motivation to carefully characterize and understand these
behaviors.
trans cis
vis
Figure 3-2 Expected effect of irradiation on micelle formation. Straight-tailed surfactants denote trans, while
bent-tailed surfactants denote cis. UV light drives conversion to cis; the UV-adapted state is 96-97% cis.
Visible light drives conversion to trans; visible-adapted states vary from 50-90% trans, depending on the
irradiation wavelength. The dark-adapted state is 100% trans. At appropriate azoTAB concentrations, the
dark- and visible- adapted states would be above the CMC, and micelles would form. The UV-adapted state
would be below the CMC, and there would be no substantial micelle formation.
The work to characterize these aggregates started with the measurement of the CMC under various
conditions. The formation of micelles can be experimentally detected by measuring any of a variety of
properties, including conductivity, surface tension, viscosity, diffusion coefficient, NMR peak positions
and the fluorescence of environment-sensitive probes. Each of these properties should exhibit some
breakpoint at the CMC. Beyond the CMC, it may also be possible to study other aspects of micelles, such
as size, shape and composition. In this section the investigation is limited to NMR and fluorescence
methods.
There have been many published studies of micelles using various NMR observations, such as the peak
chemical shift [2-13], nuclear spin relaxation rate [11, 14-18] and the diffusion coefficient of the
surfactant or counterion [19-23]. The field has been capably reviewed by Stilbs et al [24] so a complete
overview will not be given here. Each method will be discussed briefly as needed for the analysis of the
results. There has been some previous study of azoTAB using SANS [25] and fluorescence [26], and
those results will be considered when relevant, but there is no report using the tools available through
NMR. There is also apparently no prior work regarding the properties of mixed micelles at intermediate
isomeric compositions. This work attempts to fill these gaps.
3.2 Experimental Section
3.2.1. Materials
The fluorescent dye nile red was used as received from TCI (Tokyo, Japan). The azoTAB surfactant was
prepared as described in Chapter 2. Unless otherwise noted, all solutions were prepared in deuterium
oxide from Cambridge Isotopes. This solvent was used as received, with no attempt to degas it.
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Figure 3-3 Structure of nile red.
3.2.2. Fluorescence Spectroscopy
The steady state fluorescence spectra of nile red in various solutions were measured using a
QuantaMaster spectrofluorometer from Photon Technology International. It is standard practice to use
pyrene to study changes in environment such as micelle formation, but this is not possible here as pyrene
and azoTAB are active at the same wavelengths. An alternative, nile red, was used instead as an
environment-sensitive probe. Quartz cuvettes were obtained from Starna Cells (Atascadero, CA). The
path length of the cuvettes was 1 cm and the volume of solution was 3.5 mL.
Nile red was used in a range of concentrations from 0.5 pM to 30 pM. It was not possible to directly add
the requisite exceedingly small masses of nile red crystal to the sample solutions, so large volumes of nile
red solutions in chloroform were made instead. The concentrations of these stock solutions were on the
order of 10 mM, so the required mass of nile red could be obtained in an easily measured microliter
portion of the stock solution. This portion was placed in a vessel, the chloroform was allowed to
completely evaporate, and the sample solution was then added to the remaining nile red. After sufficient
stirring to ensure uptake of nile red into the solution, the sample was loaded into the cuvette. The stock
solution was kept sealed under refrigeration to minimize evaporation that would change its concentration,
and fresh stock solution was made regularly.
The measured quantity in fluorescence experiments is the count rate of photons detected by a
photomultiplier. This count rate is not a well-defined material property, but rather is highly dependent on
experimental conditions. These conditions include the power of the excitation lamp, as well as the
opening width of several variable shutters that control the amount and bandwidth of the exciting or
emitted light. These settings are kept constant so that the measured emission intensities can be compared.
This control of experimental conditions is sufficient for data collected within a single day, but is not
always possible for data collected months apart. In that case a scaling factor is needed to directly
compare the intensities from the different data series. A standard sample measured on each day was used
to provide this scaling. The chosen standard was an acrylic block doped with rhodamine B; this choice
avoids difficulties with evaporation. This block is excited at 560 nm and emits at 573 nm, roughly
similar to nile red's excitation at 580 nm and emission at 650-660 nm in the solutions in this work.
Comparisons against a standard solution of nile red in ethanol were used to demonstrate that the measured
scaling factor is appropriate, despite the slight difference in excited and emitted wavelengths.
Three sets of fluorescence experiments were performed, all involving solutions of azoTAB and nile red in
either water or deuterium oxide. In the first, the concentration of azoTAB was held constant while the
concentration of nile red was changed. These results are not shown, but were used to ascertain what
concentration of nile red is appropriate for use in the later experiments. In the second, the concentration
of nile red was held constant as the concentration of azoTAB was varied from 0 mM to 11 mM. These
data were collected for the dark-adapted, visible-adapted and UV-adapted states, and would show the
onset of micellisation. The visible light was produced with a 400 nm longpass filter, and the UV with a
360 nm bandpass filter (See Experimental Section, Chapter 2). The third experiment involved azoTAB
solutions at concentrations above the trans CMC (4, 5, 6 and 7 mM) and the change in the nile red
fluorescence intensity was monitored as the samples were gradually shifted from the dark-adapted state to
the UV-adapted state through use of UV-irradiation.
As in similar UV-Vis experiments, the samples were well-stirred during irradiation, and the same solution
was repeatedly shifted between the UV source and the fluorimeter until the photo-stationary state was
achieved. At several points a microliter-scale sample of the solution was withdrawn and diluted to 0.01
mM, so that the isomeric composition could be measured using UV-Vis spectrometry with a 1 cm path
length cuvette. The reduction in the solution volume over the course of the experiment due to this
sampling was negligible. This combined dynamic fluorescence and UV-Vis experiment is thought to be
novel.
3.2.3. NMR chemical shifts
The general experimental procedures were described in the previous chapter. Of particular importance in
this section is the chemical shift reference. In order to compare peak positions between different samples,
the absolute values of the chemical shifts must be known with precision. This precision is achieved by
using some reference value for each sample. The primary reference used here is the chemical shift of the
monodeuterated water peak (HDO) due to the solvent. Literature values exist for this peak position as a
function of temperature [27]. Proper referencing is critical for this work, so this temperature dependence
of the HDO reference was confirmed using sodium 3-(trimethylsilyl)propanesulfonate, which is accepted
to define the 0 ppm point in aqueous samples. Additional experiments confirmed that the addition of
azoTAB did not alter the chemical shift of HDO by any meaningful amount. Measured peaks should be
taken to be precise within 0.002 ppm. The internal lock of the spectrometer to the solvent deuterium
provided a secondary reference.
3.2.4. NMR relaxation times
NMR relaxation rates can also provide an indication of the molecular environment. Relaxation can occur
through interactions with other nuclei; a surfactant molecule surrounded by other surfactants will relax
faster than an isolated molecule. There exist separate experiments to measure the spin-spin relaxation
time constant T2 or the spin-lattice relaxation time T1, but these were not performed in order to conserve
time. Rather, T2 can be inferred from the width of the 1-D NMR peaks [18, 28] using the expression
Au 2 = ,(3.1)
T2
where A vm is the full width at half maximum (FWHM), measured in hertz. The measured quantity T*is
not exactly the same as T2, due to inhomogeneities in the spectrometer magnetic field [28]. These
inhomogeneities can be mitigated by use of shimming, but differences may remain between different
NMR probes and spectrometers. The presence of paramagnetic materials such as molecular oxygen will
also enhance relaxation. Solvents used here were not degassed, so it is assumed that every sample had
similar amounts of dissolved oxygen. Due to these limitations, the linewidth data are analysed
qualititatively.
3.2.5. NMR diffusion
3.2.5.1. Background
NMR spectrometers can be used to measure diffusion coefficients by the pulsed-field gradient spin echo
(PFG-SE) method, which is adequately described elsewhere [29]. The measured diffusivities are self-
diffusion coefficients, indicative of stochastic motions in the absence of chemical potential gradients. The
advantages of this technique are many: several components can be observed simultaneously, particularly
if their diffusivities are of the same order of magnitude, and there is no need to add any isotopic labels or
fluorescent markers. Either modification would involve cumbersome chemistry and could also change
the properties of the material.
In general, PFG-SE methods involve the imposition of temporary gradients in the magnetic field in the
spectrometer, as well as a number of radio-frequency pulses which are absorbed by the nuclei. The
particular pulse sequence used in this work is known as the BPP-LED (bipolar pulsed-field gradient
method with longitudinal eddy current delay) [30], and is depicted in Figure 3-4. The advantage of this
sequence is that it minimizes the effects of mechanical and electronic distortions caused by applying a
pulsed field gradient [29]. Applying the field gradient pulses may cause eddy currents in the electronics,
which may then cause mechanical vibrations; the pairing of gradient pulses of opposite direction as seen
in Figure 3-4 helps minimize such distortions. The diffusivity is related to the amplitude of the "spin-
echo" signal observed in time AQ.
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Figure 3-4 Pulse Sequence in the BPP-LED experiment. X-axis is time. Radiofrequency pulses are labeled
P1, P2, etc. Filled grey boxes correspond to pulses of gradient magnetic field. Diffusion takes place over time
A, typically from 100 to 3000 ms. S is the gradient pulse width and may be varied from 2 to 5 ms. Measured
quantity is the amplitude of the signal in time AQ. Taken from [30].
The relationship between the spin-echo intensity (S) and the apparent diffusion coefficient D is
S=S(O)exp -Dq2 ZAiE1I1
1- 3 2
(3.2)
where
q = yG
and A, 8 and -c are defined in Figure 1. In addition, y is the gyromagnetic ratio of the nucleus in question,
G is the magnitude of the applied field gradient, and S(O) is the spin-echo intensity in the absence of field
gradients. The gyromagnetic ratio for 'H is 2.68* 108 rad s-1 T-1. The magnitude of the spin echo is
modulated by both diffusion and the nuclear spin relaxation rate; the effect due to relaxation is absorbed
into S(O). S(0) decreases approximately exponentially as the time between P1 and AQ is increased.
Within a single experiment, it is constant if A, 6 and T are held constant. In this work, the range of 6 is 2
to 5 ms; A can vary between 100 and 3000 ins, T is always 0.1 ins, and G is varied from 0.6 to 57 G/cm
(discussed below).
In general, the BPP-LED experiment is applied at a series of different field gradient strengths. As the
gradient strength G is increased, the intensity of the spin-echo decreases. A "Stejskal-Tanner" plot of
P1,
9* E
I.
In S versus q2 (A -8 /3- r /2) should then yield a line with slope D. For convenience, the term on
the abscissa of the plot shall be denoted as 'k'.
11 10 9 8 7 6 f5 4 3 2 1 0 -1
Figure 3-5 Spin-echo signals from diffusion experiment. Gradient strength increases from bottom spectrum
to top (see text). Data shown for gelled mixture of azoTAB and HMPAA, with polyethylene glycol added as
probe solute. Diffusion time is 500 ms. HDO attenuates fastest, then PEG; gel components (all other peaks)
show little attenuation.
Faster moving components will show faster attenuation in the spin echoes with increasing gradient
strength than slower components. This difference in attenuation can be seen in the example in Figure
3-5, taken of an azoTAB-HMPAA gel with polyethylene glycol (PEG) added as a solute. The strength of
the field gradient increases from spectrum 1 to 29, from 3% to 93% of the maximum strength achievable
in the instrument that was used. The increments in gradient strength are constant, but inspection of
Equation (3.2) shows that the resulting increments in the Stejskal-Tanner abscissa 'k' are not. The peak
due to fast-moving monodeuterated water, HDO, at 4.8 ppm quickly disappears; the PEG peak at 3.7 ppm
persists somewhat longer, and the remaining peaks due to the slowly-moving gel are still visible at the
end of the experiment. HDO is observed by NMR because a small population of 1H is present in the D20
solvent, but there is insufficient 1H to form significant amounts of H20.
In a Stejskal-Tanner plot, only the intensity at one particular frequency is shown; this frequency is usually
the maximum of a peak. It is also valid to plot the integrated area of the peak, but only intensities are
used in this work. An example plot is provided in Figure 3-6.
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Figure 3-6 Example Stejskal-Tanner plot. Data shown for a phenyl ring proton in azoTAB at 30 mM. A is
0.5 seconds, 8 is 2 ms. and the gradient strength is varied from 5 to 60% of the maximum. R2 is 1.000, and the
slope yields a diffusivity of 7.88*10-" m2/s.
The results are remarkably linear, and the same diffusivity is measured for every peak in the molecule.
The mean diffusivity is 7.88*10-" m2/s, and based on the variance of measured values among the other
protons, the 95% confidence interval is 1.9*10-13 m2/s. The error on repeating the experiment is of course
larger; any reported diffusivity should be considered accurate to two significant figures.
It is generally advisable to achieve intensity attenuation of at least one decade by varying the gradient
strength in order to find reliable values forD. Therefore, particularly strong gradients would be
necessary to study slow-moving components with confidence. Attenuation can also be increased by
increasing 6 or A, but there are physical limits on the 8 that can be attained without burning out the coils
used to apply the gradient, and A cannot be so long that the nuclear spins totally relax before any spin
echo is observed (as expressed by S(0)). Altering 6 or A changes S(0), so even when a different value
of 6 or A is used, the experiment to find D proceeds by incrementing the gradient field strength.
3.2.5.2. Multiple components
A common complication occurs when two components appear at the same frequency on the 1-D NMR
spectrum, yet differ in their diffusion coefficients. This is often the case with surfactant molecules
existing either as monomers or within micelles. If the observed proton can exchange between the two
components (monomer or micelle) within the diffusion time scale A, the Stejskal-Tanner plot will still be
linear. The observed diffusion coefficient will be a linearly weighted average of the multiple individual
diffusion coefficients. Assuming that there are two possible components, then
DObs = yD, + y 2 D 2  (3.3)
where y is the mole fraction in a given state.
If exchange between the two components is slow or impossible (as in the case of completely different
chemical species that coincidentally appear at the same NMR chemical shift), then the Stejskal-Tanner
plot will be non-linear. One has to consider the multiple distinct components in the original attenuation
expression. Again assuming two components,
S = S, (0) exp [-Dq 2 (A - )]+2(0) exp[-D 2q2 (A - )] (3.4)3 2 3 2
In such a case, DI , D2 , S (0) and S2(0) all must be fit from the Stejskal-Tanner plot. This topic is
developed further in Chapter 4. Under certain circumstances, it may also be possible to find the mole
fractions of the two components from the ratios of the S(0) values.
3.2.5.3. Measurement time
The time required for satisfactory results may vary from as little as seven minutes to as much as several
hours. The longest parts of the pulse sequence are the time A, which is sometimes as long as 3 s, and the
acquisition time, which is another 0.5 s. Each pulse sequence is repeated 16 times, in order to reduce
artifacts from errors in the RF pulse lengths. It is also generally recommended to wait at least a second in
between pulse sequences, to allow for nuclear spin relaxation and to reduce wear on the instrument. So,
in order to simply measure the spin echo at a single gradient strength, about 35 seconds may be needed.
In order to determine the diffusion coefficient, several gradient strengths must be used. If the Stejskal-
Tanner plot is expected to be linear, 7 or 8 points may be sufficient, but at least 20 may be needed to fit
two different D values from a curved plot. Then, for components at dilute concentrations, the number of
scans must be increased from 16 to some multiple of 16, in order to improve the signal to noise ratio.
Most of the data shown here required ten to twenty minutes to acquire. This measurement time puts a
limit on the temporal resolution possible for following a dynamic process, which reduced the incentive to
irradiate the sample within the instrument.
3.2.5.4. Gradient calibration
In general, the directly controlled parameter is the gradient field strength, expressed as a fraction of the
maximum strength that can be generated. In order to proceed, the absolute value of this maximum
strength is required.
There are two basic methods for calibration: to use a reference sample of known diffusivity and back-
calculate the gradient strengths, or to use a "phantom" tube. At present time, the only generally accepted
reference sample is a mixture of H20 and D20; the diffusion of the resulting HDO is measured. At 25 C,
1 mol percent H20 in D20 should yield a diffusion coefficient of 1.905* 10-9 m2/s [31, 32].
Figure 3-7 Phantom tube used for gradient calibration. Blue part is made of plastic. The annulus between
the phantom and the NMR tube wall is filled with water.
A "phantom" tube (Figure 3-7) is a NMR tube with a cylindrical plastic insert. The hollowed-out gap in
the middle of the insert is of known length. This gap is filled with water, a field gradient is applied, and a
NMR signal is collected. The nuclear precession frequency is directly proportional to the strength of the
local magnetic field
w=yB (3.5)
where co is the frequency, y is the gyromagnetic ratio and B is the local magnetic field.
If water protons at different points in the column are exposed to different fields, then they will be seen at
different frequencies on the NMR spectrum.
The resulting NMR spectrum appears as follows:
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Figure 3-8 1-D NMR spectrum of phantom tube, as described in text.
One can clearly see the position of the water column, along with the small amount of water filling the
narrow gap between the tube and the cylinder. The difference in field strength from top to bottom of the
water column can be calculated from the difference in frequency from top to bottom, and then divided by
the length of the water gap in order to find the magnitude of the field gradient.
Use of the phantom yields a maximum gradient strength of 61 G/cm, or 0.61 T/m, whereas the reference
sample gives 62.8 G/cm with a standard deviation of 1.2 G/cm. It is difficult to assign more confidence
to one method vs. the other. The value of 61 G/cm was assumed for this work. An error in the gradient
strength will result in diffusion coefficients which are off by a factor of . Due to this calibration
uncertainty, there may be up to a 5% systematic error in all measured diffusion coefficients.
With gradients of these magnitudes, diffusivities on the order of 10~9 through 10-11 m2/s can easily be
measured. Measurements of smaller diffusivities are possible, but a large decay in the observed intensity
might not be achieved. Specialized instruments with gradient strengths as high as 1000 G/cm are reported
in the literature, but that capability was not available for this work.
Temperature was set to 25 C using conditioned airflow and heaters; the temperature was confirmed by use
of the methanol "thermometer" [33, 34], in which the temperature is calibrated against the known
temperature-dependence of the separation between the two proton peaks.
3.3 Results and discussion
3.3.1. Fluorescence methods
The onset of micellisation at the CMC has been studied at various isomeric compositions of azoTAB in
solution. Shown in Figure 3-9 is the dependence of the fluorescence intensity of nile red on the
concentration of azoTAB in deuterium oxide. Nile red fluoresces strongly when in hydrophobic domains,
and is quenched in aqueous solution [35]. It also has poor solubility in aqueous solution, so it partitions
to hydrophobic domains such as micelle cores. A sharp increase in fluorescence intensity is thus expected
at the CMC, and is indeed observed for 100% trans (dark) and 50% trans (visible) solutions at 3.3 mM
and between 4 and 5 mM, respectively. The fluorescence intensity continues to increase with azoTAB
concentration until it reaches a plateau, at which point all available nile red has partitioned into the
micelles.
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Figure 3-9 Fluorescence intensity of nile red in azoTAB solutions. Dark-adapted is 100% trans, visible is
50% trans, and UV is 3% trans. Solutions made in deuterium oxide. Nile red concentration is 13.5
micromolar. Mercury arc lamp used with 400 nm longpass filter to produce visible light; other filters can be
used for more trans-rich visible photostationary states. 360 nm bandpass filter used for UV photostationary
state.
Corresponding measurements in water indicate a CMC of 4.5 mM for 100% trans solutions, which is
comparable to the literature value of 4.6 mM [36]. A slightly lower CMC for surfactants in deuterium
oxide as compared to water has been previously noted [37, 38]. This isotope effect can be understood by
considering that hydrogen bonding is stronger in deuterium oxide, thus enhancing the entropically-driven
hydrophobic effect that leads to micelle formation.
There is no obvious breakpoint in the data for 97% cis solutions, which would indicate that either no
significant amount of aggregation occurs at these concentrations, or that any aggregates are small or
poorly formed and cannot solubilise the nile red probe. This finding is consistent with previous SANS
results for cis-rich solutions, where it was found that small pre-micellar discs form instead of proper
micelles [25]. In Figure 3-10 the fluorescence trend is shown in greater detail; there is some slight
increase in intensity but it is nowhere near as strong as that seen in the trans-rich solutions.
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Figure 3-10 Fluorescence intensity of nile red in solutions of UV-adapted azoTAB. Same data as in Figure
3-9.
Nile red is also solvatochromic in that the wavelength of maximum emission is sensitive to the polarity of
the environment [35, 39]. This effect is possibly due to a difference in polarity between the ground and
excited states of nile red. The different states would be stabilized relatively differently by solvents of
different polarities. This effect is illustrated in Figure 3-11, which shows a marked blueshift upon micelle
formation.
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Figure 3-11 Emission spectra of Nile Red in dark-adapted azoTAB solutions. azoTAB concentrations are
labeled. Blue-shift and intensity increase upon micelle formation are seen.
To provide context for this blueshift, the emission peak wavelength of nile red in solvents of different
polarity is given below:
Table 4 Nile red emission wavelength in various solvents. From [351, but also also confirmed here, with the
exception of ethylene glycol.
Solvent Peak Wavelength Dielectric Constant
Water 665 80
Ethylene glycol 652 37
Methanol 642 34
Ethanol 635 24
Acetone 615 21
The emission peak shifts from 665 nm to 650 nm on micelle formation, which is indicates that nile red
sees an environment similar in polarity to ethylene glycol. This result indicates that some amount of
water may penetrate into the micellar core, where nile red is expected to reside.
The schematic in Figure 3-12 summarizes these findings:
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Figure 3-12 Effect of isomer composition on nile red fluorescence. Micelles in trans-rich solutions are able to
solubilise the nile red. The nile red fluoresces strongly in these hydrophobic domains. In cis-rich solutions,
the nile red is insoluble and emits only weak fluorescence emissions.
3.3.2. NMR methods with trans micelles, dark-adapted state
3.3.2.1. Chemical shifts, linewidths and diffusivities
Micelle formation can be detected through various NMR experiments, including measurement of the
surfactant diffusivity [19, 20], chemical shift of the surfactant peak [3-5, 7, 9] and NMR relaxation rates
[14-17]. For reasons to be discussed below, NMR measurements exhibit a single peak and a single
diffusivity value which reflect both the monomeric surfactant and any micelles present in the solution. In
general, this single measured value is related to the corresponding value for monomer and micelle through
Equation (3.6)
Poberved = Ymonomer Pmonomer + Ymice, Pmicele (3.6)
where p is the measured quantity (diffusivity, chemical shift or relaxation rate), Ymonomer is the fraction of
azoTAB in the monomer form, Ymiceic is the fraction of azoTAB in the micellar form, and Pmonomer and
Pmice, are the values that would be measured if only monomer or only micelles were present. If this
simple two-site model holds, then the observed value p would be expected to be constant at Pmonomr
below the CMC, exhibit a breakpoint at the CMC, and then asymptotically approach pm,,,,i, as the
concentration is increased beyond the CMC.
For the chemical shifts of the peaks in the dark-adapted state (100% trans solutions), such a pattern is
observed for all azoTAB nuclei, as seen in Figure 3-13. The CMC appears around 3.3 mM, consistent
with the fluorescent probe results. The breakpoint is somewhat obscured in this Figure, but will be more
apparent in later plots. The precise physical cause of the difference in chemical shift between monomer
and micelle need not be determined for this analysis, but it can be noted that chemical shifts are generally
related to the orientation and density of electrons near the nuclei. In the literature, the change in chemical
shift has been attributed to the change from aqueous to hydrophobic environment [3, 6, 7], as well as
changes in the bond angles in the surfactant tail [7, 22, 37]. In the latter interpretation, an increase in the
population of trans conformers relative to gauche upon micelle formation is associated with downfield
peak shifts. In contrast, all the nuclei in azoTAB exhibit strong upfield shifts upon micelle formation.
Upfield shifts upon aggregation are seen in other systems with aromatic groups [12, 40-42], and are
associated with a phenomenon known as the ring current effect [41, 43]. This effect is due to the strong
interaction of aromatic n electrons with the magnetic field of the NMR instrument; as aromatic molecules
engage in it-ir stacking or form larger aggregates, the environment of the nuclei changes to result in easily
measured variations in the chemical shift. This behavior is fortuitous, as it allows the study of azoTAB
using 'H NMR. Most NMR work on non-aromatic surfactant systems is based on 'C or '9F NMR, as the
chemical shifts of these nuclei are more sensitive to changes in the environment.
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Figure 3-13 NMR chemical shifts of azoTAB, dark-adapted state, vs concentration. Shifts are shown relative
to value at infinite dilution. Peak labels are defined in Figure 3-14. azoTAB is 100% trans in this state.
0.8 - - - - - - - -- ------ - - -- ----
0.4 -
E 0B7
0.6
0.5
P 
0.6
0.
S 0.5
4)4
0.21 H J1
0
A B C D E F G H I J K
Position
Figure 3-14 NMR peak assignment and the sensitivity of each peak to micelle formation. Peak labels
correspond to Figure 3-13. Sensitivity expressed as the difference in chemical shift at infinite dilution J.on
and high concentration asymptote 5 mic . Data collected in the dark-adapted state.
In Figure 3-14 the various protons of azoTAB are ranked by the magnitude of the chemical shift change
upon micelle formation. The peaks of the protons in the hydrophobic tail are more sensitive to
aggregation than those nearest the hydrophilic head. Regardless of the exact reason for the chemical shift
changes due to micellisation, it is sensible that the headgroup sees a less dramatic change in environment
than the tail.
Some indication of the exchange rate between the monomer and micellar forms can be inferred from the
fact that the NMR spectra show a single combined peak that reflects both states. If a surfactant molecule
were likely to remain in one or the other state during the time scale of the NMR experiment, the spectrum
would show two distinct peaks. In this case, a single surfactant peak is observed, so the rate of exchange
of individual molecules between bulk and micelle is fast compared to the relevant time scale, which is on
the order of milliseconds.
NMR relaxation rates can also be used to detect changes in the aggregation state. There is more
opportunity for intermolecular relaxation when a surfactant is localized in a micelle. Peak linewidths can
be used as a proxy for the spin-spin relaxation rate. Such data are shown in Figure 3-15 for a phenyl
proton. A possible breakpoint at the CMC is seen around 3 mM; the increased line broadening above this
point signals increased relaxation rates. Qualitatively, line broadening is weakest for the head group
protons and is particularly strong for the proton in position 'C'. This ordering is consistent with that seen
in chemical shift sensitivity, and may support the inference of rigid packing at position 'C', due to
stacking interactions.
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Figure 3-15 Peak width of trans azoTAB proton labeled 'E' in dark-adapted state.
Actual spectra are shown in Figure 3-16 in order to visually demonstrate both the chemical shift and
linewidth dependences on concentration.
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Figure 3-16 1-D NMR spectra of methyl protons in azoTAB (label 'A'). Several concentrations are
superimposed. There is only one peak observed at each concentration. Data collected in the dark-adapted
state, 100% trans. The peak moves upfield with increasing concentration, and it also becomes more broad.
Diffusion coefficients are also sensitive to micelle formation, and such measurements in dark-adapted
solutions are shown in Figure 3-17. Because monomer and micellar azoTAB share the same NMR peak,
NMR diffusometry cannot directly give distinct diffusivities for the two forms. However, the Stejskal-
Tanner plot is linear as seen in Figure 3-6, so a single diffusion coefficient consisting of linearly weighted
contributions of the two forms is observed. This observed diffusion coefficient should obey Equation
(3.6), and this appears to be the case as seen in Figure 3-17. The linearity of the Stejskal-Tanner plot
implies that the exchange rate between micelle and bulk is fast compared to the time of the measured
diffusion, which in this experiment is 0.5 seconds. There again appears to be a breakpoint around 3.3
mM, indicating the CMC of azoTAB in the dark-adapted state.
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Figure 3-17 Diffusivity of azoTAB vs concentration. Measured at diffusion time of 0.5 s for solutions in
deuterium oxide, dark adapted state.
Both the chemical shift data and diffusivities can be further analysed through application of the linear
combination in Equation (3.6). The use of this relation would be greatly simplified if the chemical shifts
and diffusivities of monomer and micelle,6,Sm 6,,i, Dmn and Dic could all be assumed constant
throughout the entire concentration range. However, both chemical shift and diffusivity appear to vary
with concentration below the CMC of 3.3 mM, where only monomers are expected. This variation may
be due to the formation of dimers or other pre-micellar aggregates below the CMC. The slope of S
against concentration below the CMC is largest for the phenyl protons (peaks C-F) and the neighboring
proton G, which may indicate the formation of dimers due to r -rc interactions. Further evidence for
some sort of pre-micellar aggregation is apparent in the peak linewidth data of Figure 3-15, in which there
is considerable line broadening even below the CMC.
Since the variation in Sor D below the CMC is small compared to the changes above the CMC, the
changes below the CMC due to dimers are neglected as a first approximation. This is the usual practice in
the literature; most authors do not explicitly mention this issue. The possibility of pre-micellization could
be explicitly recognized by adding extra terms for dimers or other aggregates in Equation (3.6), and such
a treatment has been previously attempted [44]. For azoTAB, the shape of the observed curves has been
found to be consistent with the resulting three-site model, but that model was not adopted due to
difficulties described in a later section.
The assumption of constant micellar and monomer values of 1and D implies further constraints. Above
the CMC, any effect of the surrounding micelles on either monomers or micelles through electrostatic
repulsion or obstruction would be neglected. It would also be assumed that the size and shape of the
micelles are constant throughout the concentration range. Morphology changes, like a transition from
spherical to wormlike micelles, would seem unlikely given the lack of additional breakpoints in chemical
shift or diffusivity, but some level of micellar growth cannot be ruled out.
The linear combination of diffusivities or chemical shifts can be rearranged to provide Equation (3.7):
S5ob, -45 .y obs "C (3.7)
6
mon 
6
'mic
which is used to calculate the fraction of azoTAB that is present in the monomer form at any given
concentration. This fraction would be important to calculate, as it would indicate the extent of aggregate
formation under the given conditions. To apply this equation, values of 6, D and D are
required. The monomer values are simply found through extrapolation to infinite dilution. The
diffusivity and chemical shifts vary nearly linearly over the pre-CMC concentration range, so the
extrapolation is straightforward. DOn is estimated to be 4.2*10-'0 m2/s; this appears reasonable in
comparison to literature values of other surfactants, such as 6.02*10-10 m2/s for dodecyl
trimethylammonium bromide (DTAB) [45]. DTAB is homologous to azoTAB, with the exception that it
has a purely alkyl tail. The extended tail length of azoTAB is similar to that of a 12-carbon alkyl tail
without an azobenzene moiety, as found in DTAB. Despite this similarity in length, it is plausible that the
bulky azobenzene group would confer a lower diffusivity on azoTAB. The ratio of the diffusivities, 1.4,
is equal to the inverse ratio of the molecular weights (also 1.4).
3.3.2.2. Pseudophase separation model, micelle size and monomer concentration
Determination of the micellar chemical shift and diffusivity 8 ,i, and D,,, was guided by application of
the pseudophase separation model of micelle formation. In this model, it is assumed that the micelles
constitute a distinct phase from the bulk solution. No micelles are expected below the CMC, and any
surfactant added above the CMC is assumed to join the micellar phase. The size of the micelles is not
considered in the model. Applying this assumption to Equation (3.6) results in the following expression:
(3.8)obs CMC (1rnon - + gmcCot
as well as an analogous expression for diffusivity. If the assumptions built into this expression are
appropriate, then a plot of the observed chemical shift or diffusivity against the inverse overall
concentration should be linear above the CMC, with the intercept providing the pure micellar value 3 ,ic
or D,,, . As seen in Figure 3-18 and Figure 3-19, such plots are indeed linear, providing confidence in
the approach.
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Figure 3-18 Chemical shift of phenyl proton ('F') vs inverse concentration, dark-adapted solutions. Plot is
linear above the CMC. R2 value is 0.995.
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Figure 3-19 azoTAB diffusivity plotted against inverse concentration. Linear regression shown above CMC.
R2 = 0.996. Implied micelle diffusivity is 3.6*10-11 m2/s, ± is 0.8*10~" m2/s, where the uncertainty limit is
calculated from the 95% confidence intervals of the intercept.
The resulting value of the micelle diffusivity can be used to find the hydrodynamic radius Rh of the
micelle through use of the Stokes-Einstein equation:
D = kbT (3.9)
6rrqR
where kb is the Boltzmann constant and q is the solvent viscosity. The viscosity of deuterium oxide was
taken as 1.095 cp at the temperature of the diffusion measurements, 25 C [46]. The resulting value of the
hydrodynamic radius, 5.5 nm, is rather higher than the fully-extended length of trans azoTAB, 2.2 nm.
Applying the 95% confidence intervals on the extrapolated intercept, the minimum radius is 4.5 nm,
which is still larger than expected.
This discrepancy can be attributed to several factors. The micelles may not be perfectly spherical.
Recent SANS work with azoTAB suggested that oblate spheroid micelles form under visible light
conditions [47]. The semi-major axis was reported to be about 3 nm, and the semi-minor axis about 1.9
nm. This result was considered plausible, as the minor axis is consistent with the fully-extended length of
the surfactant tail. Unfortunately there are no SANS data available for azoTAB in the dark-adapted state,
in which the micellar dimensions may differ.
The Stokes-Einstein equation has been modified for oblate spheroids [48]. The hydrodynamic radius is
replaced by an effective radius:
(a2 -b2) 1(3.10)
tan a 2 -b2
b 2
where a and b are the lengths of the semi-major and semi-minor axes, respectively. If b is assumed to be
2 nm in accord with the fully extended tail length, then a would be 5.9 nm in order to achieve the lower
estimate of the effective radius, 4.5 nm. While the aspect ratio may not be that extreme, it is likely that
the azoTAB micelles are nonspherical and thus larger than what would be expected for a spherical
micelle.
Furthermore SANS returns a radius of gyration, which would differ from the hydrodynamic radius. The
hydrodynamic radius itself does not have an exact physical correspondence to the dimensions of the
micelle, but it simply the radius of the hard sphere with an equivalent diffusivity. This radius may be
expanded due to the Stern layer of tightly bound counterions or also possibly a shell of hydration.
There are other effects that might influence the apparent value of the micelle diffusivity, and thus the
inferred micellar dimensions. The diffusivities of both monomer and micelle will not be constant over the
entire concentration range, as both will be limited by obstruction due to the surrounding micelles. A very
simple expression for the reduction in diffusivity due to obstructions is [49]
D
where Do is the unobstructed diffusivity and # is micelle volume fraction. At the highest concentration
used (60 mM), the volume fraction of micelles was estimated to be 0.02. This calculation was done by
assuming the molecular volume of azoTAB to be 640 A3 [47]. Obstruction effects are thus not likely to
be very significant, though electrostatic effects may be.
To the extent that some error is introduced by finding Dmi. through extrapolation, it would not propagate
strongly to the other calculations here. Because Dmic is much less than D._ , Equation (3.7) is not very
sensitive to uncertainty in Dmi. except at very high concentrations (above 30 mM).
Other workers have tried to measure Dmic more directly by adding a highly hydrophobic solute to the
solution [19, 22]. If nearly all the solute partitions to the micelle core, the diffusivity of the solute would
be equal to that of the micelle. This technique was attempted with toluene and tetramethylsilane, which
were reported to strongly partition into micelles, and which also have peaks that do not overlap with
azoTAB. Unfortunately, enough of the solutes remained in the aqueous phase that their observed
diffusivity was higher than that of azoTAB, making them unsuitable for probing the micelle in this way.
Having thus found Sc and Dm, , it is shown in Figure 3-20 that the shape of the curves in Figure 3-13
and Figure 3-17 can be well described using the pseudophase separation model as expressed in Equation
(3.8):
1.3 4.510-1
104 10'
1.2
3.5 10'
EE 2. 1.1 - 10
2 10 
-
E
0.9
1.510-10
0.8 101 10-
0.7 510-11
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Concentration, mM Concentration, mM
Figure 3-20(a) Chemical shift of methyl tail nuclei ('A') in dark adapted state vs concentration. Shown are
measured values, and calculated values using Equation (3.8). (b): Corresponding chart for diffusivities.
As expected, the model fails to account for pre-micellar aggregation, but fits the remaining data quite
well.
The pseudophase separation model was used to help evaluate the constants in Equation (3.7), but the
derivation of the equation itself is entirely independent of that model. Calculated monomer
concentrations can thus be used as an additional test of the applicability of the model. Results are shown
in Figure 3-21, using both diffusivity and chemical shift data.
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Figure 3-21 Concentration of azoTAB existing within micelles and as monomer. Calculated from chemical
shift data using methyl peak 'A' (solid markers) and diffusivity (hollow markers). Dividing the micellar
values by the aggregation number would yield the concentration of micelles.
The appearance of a sharp CMC and the relative constancy of the monomer concentration above the CMC
justify the assumptions of the pseudophase separation model. There is a subtle maximum (seen more
clearly in Figure 3-23) in the monomer concentration at the CMC, with the monomer concentration
dropping slightly with increased concentration. The effect is weak enough that it cannot be ascertained
whether it is real or a result of slight experimental error. The upwards drift in the monomer concentration
above 30 mM is likely spurious and due to slight errors in the extrapolated values of 6,i and D,, . It is
concluded that these two NMR methods can provide robust estimates of the how much surfactant is
residing within aggregates. Such information is also useful for understanding the surfactant-polymer gel
system, as discussed in Chapter 4.
3.3.2.3. Mass action model
The pseudophase separation model is attractive due to its simplicity, but its utility in describing
characteristics of micelles is very limited beyond what was discussed above. An alternate view of micelle
formation is the mass-action model. In this model, micelle formation can be described analogously to a
chemical reaction:
nS, ; >Sn (3.12)
where n is the aggregation number, S, denotes the monomer, and S, denotes the micelle. For simplicity,
a single aggregation number is considered here, though polydispersity is possible. There is no
presumption of a sharp CMC. The equilibrium constant for the process is written as:
[S5]K = "S (3.13)
[SI]"
Various attempts have been made to use this approach in conjunction with NMR to find the aggregation
number of micelles. One basic approach has been to rearrange Equation (3.13) to the following form,
In n[S] ]= n In[S]+ In nKn (3.14)
or some equivalent [2, 4, 5, 7, 11, 13]. Expressions relating the monomer concentration [S] and the
concentration of azoTAB residing in micelles n[S.] to NMR data are found using Equation (3.7) and
substituted into the equation. A plot of ln n[S.] vs In[S,] would then have slope n and intercept ln nKn.
When prepared for azoTAB, this plot is anything but linear (see Figure 3-22).
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Figure 3-22 Plot that would provide the micelle aggregation number. Slope is nonlinear. See discussion in
text. Data are the same as in Figure 3-21.
Similar plots in the literature often appear unconvincing as well; in one case arbitrary adjustments to 5,,
were required to produce a more linear result [4]. Another work observed that the method was not
'completely satisfactory' [9], but it is not clear whether the reasons for this have been anywhere
discussed. That statement was made in 1979, and yet variations of this plot continue to appear.
On examining Equation (3.14) and Figure 3-22, it is apparent that the plot is not well-posed if the
surfactant exhibits behavior similar to that of the pseudophase separation concept. Below the CMC,
n[S, ] is essentially zero, so nothing meaningful is plotted. Above the CMC, the monomer concentration
is nearly constant, so the abscissa barely changes. In fact, if the monomer concentration decreases only
slightly above the CMC, the slope becomes negative, as in Figure 3-22. While it has been recognized that
the mass action model is not entirely suitable for ionic surfactants [10], these particular difficulties are
related more to the method of analysis than the model.
The other basic approach to the mass action model [10, 17, 50, 51] has been to combine Equation (3.13)
with the site balance [S,] + n[S,]= C, . This results in the following expression, or some equivalent:
nK,[SI] +[S]= Ctot (3.15)
The monomer concentration is again related to NMR chemical shifts as previously discussed. The
aggregation number, equilibrium constant, 5n,,, and ,n, are then fit by minimizing the error between the
observed and calculated values of 5obs It has been generally observed that this fitting is difficult, as n
and K, are nearly covariant. Many pairs of values of the two parameters provide visually satisfactory
fits. Elaborate schemes to find the global optimum have been devised, but accurate initial guesses of the
aggregation number are required [51]. Also, the resulting aggregation numbers for ionic surfactants are
often low compared to those measured using other techniques [10], so it was doubtful that this approach
would be fruitful.
As expected, the covariance of n and Kn presented major difficulties. To demonstrate this, best fit
values of Kn were found for various values of n. As shown in Figure 3-23, reasonable fits to data can
be made at various values of the aggregation number. Increasing n generally results in more well-defined
CMCs, but it is not obvious which value provides the best fit. The mass action model approaches
equivalence with the pseudophase separation model as n approaches infinity, and any deviation from the
pseudophase separation model in azoTAB is not well captured by the mass action model. Any
aggregation number above 40 appears plausible. The best fit value of K, for each n is shown in Figure
3-24.
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Figure 3-23 Demonstration of mass-action model. Model and experimental results for variation of monomer
concentration with total concentration. Model results are shown for n = 20, 30,40, 50, 60, 100 and 200.
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In order to proceed, an aggregation number range of 70-100 has been adopted from SANS work in the
literature [25], as well as geometric considerations.
The mass action model was also briefly considered in an attempt to describe the apparent pre-micellar
aggregates observed below the CMC. In this case, the chemical shift would be expressed as a linear
combination of three sites,
obs = Ymonmon + Yprepre + Ymicgmic (3.16)
where the index 'pre' refers to the pre-micellar forms. A second equilibrium constant was invoked, in
order to introduce the aggregation number npreof the pre-micellar clusters. However, this introduced
three more parameters to fit: npre Kpre and pre . These parameters were also found to be covariant, and
the fitting process was subject to multiple local minima. It was decided that little of value would result
from this approach.
3.3.2.4. Summary of experimental results for micelles in dark-adapted state
A wide array of experimental results has been presented for micelles in the trans form. It has been
comprehensively demonstrated that there is a clear CMC at approximately 3.3 mM. Above the CMC, the
monomer concentration is relatively but not entirely constant. This latter result follows directly from
NMR data, and requires the use of no model except for the basic concept expressed in Equation (3.6).
Below the CMC, there is strong evidence of stacking interactions that result in pre-micellar aggregates.
Some inferences can be made about the nature of the micelles. According to fluorescent probe studies,
there may be some degree of water penetration into the micelle core. NMR chemical shift data supports
the reasonable possibility of stacking interactions within the micelles, causing some rigid packing in the
vicinity of the phenyl rings. A robust estimate of the micellar size has not been possible, but NMR
measurements to that end are at least consistent with previous SANS work.
Given the success of NMR chemical shift and diffusion data to characterize trans micelles, it appears
likely that both techniques could be used to good effect in cis-trans mixed micelles and surfactant-
polymer complexes. The diffusion coefficients of different components can be measured with a high
level of accuracy, which would be helpful when studying gels, as in Chapter 4.
3.3.3. NMR methods with cis micelles, UV-adapted state
As in the fluorescence data, NMR methods do not show any obvious onset of micellisation in the UV-
adapted state within the concentration range explored. Shown in Figure 3-25 are the chemical shifts of
trans and cis azoTAB as a function of total concentration in the UV-adapted state. Data from the dark-
adapted state are added for comparison. There is no obvious breakpoint in either the cis or trans series, in
contrast to the clear CMC in the dark-adapted state at about 3.3 mM. Higher concentrations were not
examined, due to the difficulty in achieving a photo-stationary state at high optical densities as discussed
in the previous chapter. The absence of an observed UV CMC appears at first to be contrary to the
previous literature [36], in which the CMC in the UV-adapted state was measured to be 10.5 mM in
water. However in that work the composition of the UV-adapted state was 84% cis, whereas here it is 96-
97% cis. The additional cis content should raise the CMC further. Hayashita [36] did find that
homologues of azoTAB with longer tails did have much lower CMCs in their UV-adapted state, so cis
surfactants will form micelles more readily if the overall molecule is made more hydrophobic.
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Figure 3-25 Chemical shift variation of trans and cis peaks in UV-adapted solutions, 96-97% cis. Also
included are data from trans in dark-adapted solutions. The peak for phenyl proton 'E' is shown in all cases.
Linear regression is shown for the entirety of the UV data; the slopes for cis and trans are -0.0061 ppm/mM
and -0.0066 ppm/mM, respectively. Regression is also done for sub-CMC data in the dark-adapted state;
slope is -0.019 ppm/mM.
While there is no breakpoint in the UV-state chemical shift data of Figure 3-25, there is a clear linear
trend in both cis and trans. A similar trend was seen below the CMC in the dark-adapted data series. On
the basis of corroborating diffusivity and peak linewidth data, this trend in the dark samples was ascribed
to the formation of pre-micellar aggregates. It appears that similar behavior takes place in the UV-
adapted condition. The presence of similar trends in both cis and trans in the UV-state implies that both
isomers participate in these aggregates.
At infinite dilution the trans peak appears at about the same chemical shift, regardless of the light
condition. The cis peak at infinite dilution appears at a markedly different chemical shift from the trans.
Even in isolation from other surfactant molecules, the NMR environments within the trans and cis
isomers differ from each other.
Diffusivity and linewidth data were collected in order to test these hypotheses about aggregate formation
in the UV state. The UV-state diffusion coefficients in Figure 3-26A show no obvious breakpoint, but the
trans diffusivity does drift downwards with increased concentration. The cis data are more ambiguous;
there may be a reduction of about 11% between the diffusivity at 1 mM and the higher concentrations. As
seen in Figure 3-26B, the linewidth data are similar. There is no apparent trend in the cis peak linewidths,
but the peaks of the residual trans in the UV state do increase with concentration. The low concentration
linewidths appear wider in the UV state than the dark-adapted, but the absolute values of these series
should not be directly compared. The measurements were made on different NMR probes, and the
differences in field inhomogeneities may affect the observed linewidths.
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Figure 3-26: Comparison of azoTAB diffusion coefficients and peak linewidths in dark- and UV-adapted
states. Residual trans in UV state also shown. Figure 3-26A: Diffusivities, B: linewidths. Absolute values of
linewidth data cannot be directly compared between dark and UV samples, due to use of different NMR
probe. Data in B from peak 'E'.
These chemical shift, diffusivity and linewidth data are not perfectly consistent, but they do suggest some
pre-micellar aggregates in cis-rich solutions. On the basis of diffusion and linewidth data, trans
surfactants may be more likely to participate in these structures, but chemical shift data indicate that cis
do as well. It is possible that the trans isomers form relatively stable clusters due to stacking interactions,
while the cis either form their own more loose clusters or pass transiently in and out of the trans
dominated clusters. It is however not immediately obvious why the chemical shift and possibly the
diffusivities of the cis exhibit a concentration dependence, while the peak linewidths do not.
Other possible explanations for the data in Figure 3-25 should also be considered. The chemical shifts
and diffusivities could possibly be changing due to electrostatic interactions, as opposed to cluster
formation. However at these concentrations, unassociated surfactants would on average be spaced further
apart than the Bjerrum length in water, which is 0.7 nm. The electrostatics mechanism would also not
explain the increasing linewidth in the trans form.
Recent SANS results support the conclusion that proper micelles do not form in the UV-adapted state
[47]. The analysis suggested that pre-micellar aggregates with a disc-like structure were present instead,
with aggregation numbers on the order of 5.
3.3.4. Mixed micelles
3.3.4.1. NMR chemical shift data
Any application of azoTAB will likely involve the use of two different wavelengths of light, one effecting
a trans-rich photostationary state, and the other cis-rich. Choosing the photostationary states in this way
will maximize the changes in physical properties that occur upon irradiation. During the irradiation
process the system will go through all intermediate isomer compositions. In order to understand the
characteristics of the system during photoreaction, these intermediate compositions should be studied in
addition to the dark- and UV-adapted extremes. Mixed micelles consisting of both isomers are likely to
form in this range. In the case of ideal mixing, the CMC of these mixed micelles is expected to be
between the CMCs of pure trans and pure cis [52], though the CMC of pure cis has not been observed.
These mixed compositions were investigated by starting with a sample of a given concentration in the
dark-adapted state and repeatedly irradiating it with UV light until the UV photostationary state was
reached. Shown in Figure 3-27 are plots of the observed chemical shift as the isomer composition is thus
varied. A break appears in the chemical shift of both isomers, and is accompanied by a change in peak
linewidths as well. This point is determined to be the CMC of the mixture. Trans and cis are presented
on different scales, as the total variation in the cis chemical shift is very small as compared to that of
trans. This either indicates that cis NMR peaks are relatively insensitive to the change in environment
between bulk and micelle, or that very little cis takes part in the micelles. It is also possible that cis and
trans form their own separate aggregates, with the trans micelles being larger and more stable. However
if cis and trans were operating independently of each other, it would be unusual for them both to have the
same CMC.
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Figure 3-27 Chemical shift and peak widths as isomer composition is changed, at a total azoTAB
concentration of 6 mM. A: Chemical shifts of both trans and cis peaks. Scale for cis is much narrower thanfor trans. Data measured by repeatedly irradiating initially dark sample until chemical shift becomes
constant. Peaks shown for proton 'E'. Linear regression shown for data below the CMC. CMC is between
24% and 30% trans. B: Selected spectra showing peak 'C' of the trans isomer, as the CMC is crossed. NMR
peaks are narrower below the CMC. Peak 'C' shows particularly strong changes in linewidth upon micelle
formation. UV irradiation from high intensity Dymax lamp; see Chapter 2 Experimental Section.
Repetition of this experiment at different total concentrations yielded the CMC at a variety of isomer
compositions. The trans chemical shifts are shown below:
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Figure 3-28 Chemical shifts of trans azoTAB at various total azoTAB concentrations and isomer
compositions. Used to find CMC of mixtures. Shown are peaks of phenyl proton 'E'. Line is drawn to
connect the breakpoints in each series, demarcating the CMC.
Figure 3-28 provides a helpful overview of the chemical shifts in this system. It acts as a phase diagram
of the system, with the micellar region below the breaks in the curves. Along the right edge are data that
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correspond to the dark-adapted results of Figure 3-13. If plotted against total concentration, the data
along the left edge would reproduce the trans series shifts in the UV photostationary state from Figure
3-25. The series for 1 mM and 2 mM show no breakpoint, so no micelles are formed at those
concentrations regardless of isomer composition. At higher total concentrations, the peak positions As
the total concentration is increased, the CMC appears at lower trans fractions.
It would be instructive to apply Equation (3.6) to each of these curves. It would then be possible to find
the monomer and micellar concentrations at every point on this plot. The changing composition makes
this less straight-forward than the single component case; the appropriate values of 5,,, and 3 ,, are not
readily apparent at any given point. The issue is revisited in a later section.
3.3.4.2. NMR diffusion data
The same basic experiment was also performed using both NMR diffusometry and fluorescence
spectroscopy. Shown in Figure 3-29 are diffusion results collected at 6 and 10 mM. The trans series at 10
mM shows a clear breakpoint at a trans fraction of about 0.11; micelles form above this point. The cis
diffusivities trend only slightly downwards whereas the trans show significant shifts. This divergence
between cis and trans again implies that the cis isomer participates in aggregate formation to a lesser
extent than the trans. These data are analysed further below.
5 10T
6 mM,cis
10
0 4 0 .6.A A A .
EAl
E 3 1010 A
Tras f mMtrans
1O 10
markers correspond to data at 10 mM and 6mM, respectively. Red markers denote trans, and blue cis.
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3.3.4.3. Fluorescence
The fluorescence intensity and emission wavelength of nile red in azoTAB solutions also show a sharp
breakpoint at the CMC as the isomer composition is varied, as seen in Figure 3-30 for a total azoTAB
concentration of 7 mM. The CMC appears at about a trans fraction of 0.26 at that total concentration.
The fluorescence intensity then increases with increasing trans fraction as the number of micelles
increases, and possibly also as the size or stability of the micelles increases. Nile red fluoresces at 650
nm in solutions with micelles, and at 660 nm in solutions without any available hydrodynamic domains.
The intermediate wavelengths observed around the CMC could indicate relatively poorly formed micelles
in this region, with a high level of water penetration into the aggregate. The intermediate wavelengths
could also be the simple result of convolution between the emission spectra of nile red within and outside
of micelles.
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Figure 3-30 Fluorescence intensity and wavelength of Nile Red in azoTAB solutions as a function of isomer
composition. Total azoTAB concentration is 7 mM, and nile red concentration is 0.54 pM. Isomer
composition measured by using UV-Vis spectroscopy.
This experiment was repeated at several concentrations, as shown in Figure 3-31. The emission
wavelength is plotted against irradiation time to provide a sense of the time scales in the experiment. The
CMC is apparent in each curve.
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Figure 3-31 Fluorescence emission wavelength of nile red in azoTAB solutions, as a function of UV
irradiation time. Repeated at total concentrations of 4, 5, 6 and 7 mM. Each solution was initially in dark-
adapted state, 100% trans. Irradiation path length was 1 cm.
3.3.4.4. CMC of trans/cis mixtures
Combining all of the results above, the CMC of the azoTAB system can be plotted as a function of
composition, as in Figure 3-32. The result is consistent with the previously reported cis CMC in a 84%
cis solution [36]. Also shown is the CMC that would be expected if the cis isomer were completely
invisible to the process: the concentration required at each composition for the concentration of trans to
reach the CMC of pure trans. This expected CMC is clearly different from the measured values. While
the experimental results presented thus far suggest that cis only plays a minor role in micelle formation,
the presence of cis has a significant effect on the observed CMCs. In order to better understand this
interaction between the two isomers, some simple models are considered.
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Figure 3-32 CMC for mixed micelles at various isomer compositions. Experimental points found using NMR
(solid markers) and fluorescence (hollow markers). CMC values found from breakpoints in Figure 3-28,
Figure 3-29 and Figure 3-31. Error bars indicate uncertainty due to sparseness of data points around the
breakpoint. Also shown is curve at which trans concentration is equal to 3.3 mM, the CMC of pure trans.
3.3.4.5. Micelle composition: thermodynamic modeling and experimental results
The pseudophase separation model has been extended by Clint to mixed micelles in order to facilitate
analysis of such results [52]. In this development the bulk phase is assumed to be an ideal solution, with
the activity coefficient set to unity. The chemical potential of the surfactant monomer is written as
p n""" = p,'"+RTInC"on (3.17)
where the subscript i refers to the species trans or cis, p'"" is the chemical potential of component i in
the bulk, C7"" is the concentration of component i in the bulk (expressed as a molarity), and p'" is the
Henry's law standard state chemical potential as used with units of molarity.
The micellar phase is also assumed to be ideal:
pmic = p'"'" + RT In x, (3.18)
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where p"' is the chemical potential of component i in the micelle, pA """ is the chemical potential in a
micelle of pure i , and x, is the molar composition of the micelle. In the single-component case Cimo is
then set equal to the CMC of pure component i, consistent with the pseudophase separation model. Th&se
expressions eventually lead to (3.19) for predicting the CMC of the mixture:
CMC = 1 (3.19)
Etrans + ceis
CMCtrans CMCClS
where z, is the molar fraction of azoTAB that is present as isomer i, and CMC, is the CMC at that overall
composition. It is difficult to apply Equation (3.19) as CMC,s could not be measured, but the best-fit
value of CMCiS can be determined by using the experimental data found in Figure 3-32. This value is
12 mM. The resulting curve for CMC, is shown in Figure 3-33 and it is apparent that this model is not
very successful in cis-rich solutions. The agreement between model and empirical data is qualitatively
reasonable over the rest of the composition range. The assumption of ideal mixing in the micelles,
particularly in cis-rich solutions, is suspect due to the probable inefficiency of packing cis and trans
together in the same micelle core. Electrostatic effects are also neglected when assuming ideality.
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Figure 3-33 CMC of mixed micelles: Experimental points and curve using pseudophase separation model.
CMC of pure cis micelles is fit using model form and data.
To account for such non-ideal behavior, an activity coefficient is inserted for the micellar phase.
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CMC = (3.20)
Zrrans + Ei
YlransCMCtrans ,YC, iCMC,
Explicitly trying to describe the various non-idealities would add a good deal of complexity to the
analysis. Instead it is common practice follow the treatment of Rubingh [53], who assumed regular
solution behavior. In this case, the activity coefficient is expressed using a single-parameter Margules
function:
yi =exp($8x )2  (3.21)
where y, is the activity coefficient of component i , p is some empirically determined constant and xj is
the molar composition of the micelle due to the other component. Negative values of p are indicative of
inter-isomer interactions that stabilize the micelle; no further meaning (if any at all) should be drawn from
this crude parameter use. If p is negative the CMCs of the mixed micelles will be lower than those in
the ideal mixing case, and can even be lower than the single component CMCs [52]. Activity models that
actually describe the relevant physical interactions would in principle be preferable, but the Margules
function is helpful for a first attempt.
Typically, values of plare found from measured values of CMC,. If a single value of # can
successfully be used to describe the entire range of measured CMC values, the choice of the Margules
function is justified. With azoTAB, CMC,s is also unknown so it is necessary to fit for both CMC,
and p.
In order to use the regular solution approximation, an additional relation is needed to find the
compositions within the micelles x, . This expression is given by Rubingh for a binary mixture of i and j
as:
2  in zCMC.
x=CMCi (3.22)
X.2 In IzCMC'
x CMCi)
The results of the fitting are seen in Figure 3-34; the best-fit values of p is -2.1 and that of CMC 32
mM. The fit is reasonable, but the fitted values must be used with caution as there is insufficient data at
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very high cis compositions to constrain the value of CMC, . The magnitude of # is plausible in
comparison to values reported in the literature for other mixed micelles [53].
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Figure 3-34 Pseudophase separation model for mixed micelles with non-ideal mixing in the micelle. CMC of
pure cis solutions and single Margules parameter are fit. Ideal-mixing results of Figure 3-33 added for
comparison.
Using the pseudophase separation models it is possible to predict a multitude of quantities at any given
total concentration and composition, such as the concentration of each monomer and the micelle
composition. These calculations are instructive, as these quantities are of interest when describing the
mixed micelle system. They can also be compared to estimates from the experimental data in order to
further confirm the utility of the model. Using the pseudophase separation [54] model, the monomer
concentration of a single component can be written as:
-(C, -o)+{(C-0) 2 + 4z,,Ct0} 1/2
Can =
2( CM C as2'a -17,,ians CMVCrn
(3.23)
where
0 = yc,5CMCci - YraCMC,,. (3.24)
The composition within the mixed micelle is given as
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x =rans
}1/2
-(CrKo -0)+({C, 0, -0)2 +4z,nC,,0 t
20
(3.25)
Equation (3.25) was used to calculate the micellar composition instead of Equation (3.22), merely out of
computational convenience.
The behavior predicted by these models is illustrated in Figure 3-35 and Figure 3-36. Figure 3-35 shows
how the monomer'concentrations change with total concentration at a fixed overall composition Zrans of
0.50. It is important to note that the concentration of monomer is not fixed above the CMC, in sharp
contrast to the pseudophase separation behavior of a single surfactant. There is some difference between
the non-ideal and ideal mixing models. The mixed CMCs predicted by the two models diverged in the
composition range inaccessible by experiment, but these differences in monomer concentrations appear
under conditions that can be observed.
Total
trans
I I I
0 5 10 15 20 25 30 3
Total concentration, mM
Figure 3-35 Concentrations of trans and cis monomer for an overall composition ztrans =0.50 . Solid lines
calculated using ideal-mixing model, broken lines from non-ideal model. The CMC of the pure cis
component is very different in the two cases.
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Figure 3-36 Composition of micelles as function of total concentration, calculated at Zerans =0.50. Solid
curve from ideal mixing model, broken curve from non-ideal model. No micelles are present below the CMC.
Micelles are clearly trans-rich, particularly near the CMC.
Figure 3-36 shows how the micelle composition changes with increasing total concentration at a given
overall composition, 50% trans. Compared to this overall composition, the micelle is enriched in trans at
low concentrations. As the concentration is increased the micelle composition slowly approaches the
overall composition.
It should be possible to extract some experimental estimates of the trans and cis monomer concentrations
and the micelle composition from the data shown in Figure 3-28 and Figure 3-29. At any given data
point, the following weighted averages must hold:
D "" --- mo D '"" + '"' D '" (3 .2 6)trans Vltrans trans 7trans '(.6
Dis =y,"'D"'" + ymcD'c (3.27)
and
y'""" + y,c =1 (3.28)
where D'c is the diffusivity of the micelles present at that point, and y' is the fraction of component i
that resides as monomer. It is assumed cis and trans form monodisperse mixed micelles. If D""" and
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Dm" are known, then the mole fractions can be found at any observed point. From here it is trivial to
find the micelle composition.
Similar expressions can be written for the NMR chemical shifts:
jos = y,"" """ + y" 6 (3.29)
obs = on mon + y"C97C (3.30)(5i cis y cis cis cis
Note that the micelle diffusivity D'c is the same for the two isomers, but the micelle chemical shift is
not.
Appropriate values for the bulk monomer can be found below the CMC. There is some difficulty here as
the two-site model does not account for any pre-micellar aggregates. It is decided to entirely neglect the
pre-micelles, and use diffusivities at infinite dilution as D7" and 1,"'. Since the variations in chemical
shift and diffusivity below the CMC are small compared to the change that occurs on micelle formation,
this choice is not critical at higher total concentrations.
The micellar values present further difficulties. In the case of a single surfactant, it was reasonably
assumed that the same size and type of micelle was present throughout the observed concentration range.
The values of D' and 6 'c could therefore be taken as constants. In the case of mixed micelles, the size
and composition of the micelles is expected to change as concentration and overall composition are
changed. D" and 3 " are no longer constants, nor is it immediately obvious how to evaluate them.
Some simplifying assumptions must be made in order to proceed. There have been a few similar
attempts in the literature to quantitatively describe micelle formation from these NMR measurements.
Fang, et al assumed that D"c and the individual monomer concentrations Cm"" were constant as total
concentration was increased above the CMC at some fixed overall composition [55]. D" was then
found by fitting against the data. As shown in Figure 3-35, the assumption of constant monomer
concentrations above the CMC is inconsistent with models. Misselyn-Bauduin appeared to simply take
D' as the diffusivity measured at high concentrations at the appropriate overall composition, assuming
that the remaining monomers make a negligible contribution to the observed diffusivity [56]. This
approach can introduce error because the monomer diffusivity is generally an order of magnitude less
than the micelle diffusivity, so a small amount of monomer can still influence the observed diffusivity.
Amato somewhat unsuccessfully attempted to extrapolate the chemical shift to high concentrations. The
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chemical shifts were plotted against the inverse concentration at some fixed overall composition [57]. An
extrapolated value of (5"is obtained from the intercept. This method is analogous to that done in this
work for the 100% trans micelles in the dark-adapted state (Figure 3-18), but is not expected to be
successful with mixed micelles. This can be understood by examining the following relation, derived
directly from Equation (3.6):
"obs = ic + ( "" - mic) C "' (3.31)
Ctot 
(.1
which can be written for either component, cis or trans. A plot of ob, vs 1/ C, can be expected to be
linear above the CMC if Cmon and imi, are constant as the total concentration is changed. These
conditions held for a single component, but as shown in Figure 3-34, Cmo, is not expected to be constant
above the CMC in a mixture of different surfactants.
All of the above approaches from the literature also neglect the difference between the micelle
composition and the overall composition; this difference was illustrated in Figure 3-36.
To take this latter effect into account, Inoue suggested an iterative approach [58]. The chemical shift was
measured at some overall concentration and composition. An initial value of 9mI"c was taken from
observations at high concentrations at the same overall composition. Data were available at high
concentrations, such that high concentration asymptotic values were directly used as gi". A first-pass
micelle composition was then calculated at each measured point. A new value of t5"" was then found
from high concentration observations at that composition. The process was repeated until it converged on
some final value of 6 m"". This iterative method is more rigorous than the others outlined above, but does
not seem to have been widely adopted. The iteration is cumbersome as it is not easy to automate, and a
very wide range of experimental data is required.
In general, the study of azoTAB mixed micelles is somewhat easier than that in other surfactant pairs, as
the use of light can be used to bring about different mixing ratios. The entire composition range at a
given total concentration can be studied using a single solution; this is not possible with traditional mixed
micelles. The use of light does impose some limitations, however. The previous work of Inoue made use
of measurements at differing compositions in solutions of high concentration. These measurements
provide limiting values of D'" and 3"* . It is difficult to do such work at very high concentrations of
azoTAB (above 30 mM), since the high total absorbance impedes the photoreaction. To mitigate this
issue, samples were irradiated in vessels with low path length, but it appeared that the lack of stirring
reduced the photoconversion rate. The Krafft point also limits the concentration range available; some
precipitate appears over time in 60 mM solutions. Ultimately, a limited amount of diffusivity data and a
wider range of chemical shift data were collected at 30 mM for possible use as limiting values of D""
and 3'c (see Figure 3-37).
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Figure 3-37 Trans and cis diffusivities measured in 30 mM azoTAB solution. Cis in blue, trans in red.
Hollow marker for the previously extrapolated value of the trans micelle diffusivity.
The diffusion coefficients of both isomers are below the values typically seen below the CMC (about
4*10-10 m2/s), so it appears that mixed micelles are present over the entire measured range. However the
previously extrapolated micelle diffusivity from the dark-adapted state is significantly slower than the
observed diffusivities; the monomer diffusivity is so much faster than the micelle that small amounts of
monomer have an impact on the observed diffusion. It is thus decided to use the extrapolated dark-state
diffusivity as the micelle diffusivity in all cases. This assumption introduces some error due to the
possible dependence of micelle size on micelle composition. This error may be significant in any regime
where the micelles are rich in cis. Using diffusion coefficients measured at 6, 10 and 30 mM over a range
of light conditions (see Figure 3-29), micelle compositions were thus computed. These compositions
were found by applying Equations (3.26) and (3.27) to each data point. Then, the concentration of trans
and cis existing within micelles was found from y" zC,0 , where z, is the fraction of azoTAB existing as
isomer i. Finally, the composition within the micelle is
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xi= " z ' t (3.32)
The resulting micellar compositions are compared to model predictions in Figure 3-38.
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Figure 3-38 Composition of micelle as a function of overall isomer composition, at 6, 10 and 30 mM azoTAB.
Measured points taken from diffusivity data as described in text. Line for y=x added to emphasize that
micelles are trans-rich. Results of non-ideal mixing model shown as broken line, and ideal model as solid line.
In each case the micelle is enriched in trans, compared to the overall composition of the solution.
Particularly at the higher concentrations, the results are in decent agreement with the model predictions.
The ideal mixing model appears to describe the data better than the non-ideal model, so it will be adopted
for the remainder of this work. The error due to the multiple assumptions involved likely causes the
discrepancy between model and experiment at the lower concentration. At 6 mM, the monomer
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diffusivity is of greater importance in the calculations, and so pre-micellar aggregates are relatively more
important. Adding a third site for these clusters would be beneficial, but difficult due to reasons already
discussed.
3.3.5. System kinetics
Some observations can be made about the overall kinetics of the surfactant system. The various
diffusivities and chemical shifts reported above appear to be entirely dependent on the isomer
composition and total concentration; the elapsed time after irradiation appears to have little effect. For
example the irradiation time increments between the data points shown in Figure 3-28 can be as low as 5
to 10 seconds, with the NMR measurement itself requiring at least 4 minutes. The chemical shifts found
in this manner are equal to those found in solutions of identical composition which have been at rest for
longer periods of time. This equivalency suggests that there is no unusually slow response of the micelles
to changes in isomer composition. The kinetics of micelle formation would not appear to be rate-
controlling. The photoreaction rate in the system also appears to be unaffected by the presence of
micelles, as shown in the previous Chapter. The rate law and parameters found below the CMC also
appear to be valid above the CMC, though the presence or absence of convective mixing within the
sample is critical. The effect of mixing is examined in Chapter 4.
3.4 Conclusions
The micelles that form in mixtures of trans and cis azoTAB have been characterized using a variety of
experimental methods. The pseudophase separation model is found to be satisfactory in describing the
characteristics of the pure trans system, particularly the dependence of monomer concentration on total
concentration. The mass action model provided a lower limit on the micelle aggregation number. It has
not been possible to isolate pure cis azoTAB, nor detect micelles in the UV photostationary state (3% cis).
In both the dark- and UV-adapted states, pre-micellar aggregates are evident. The CMC has been found
over a range of intermediate compositions, and the CMC values are reasonably well described by using
the classical pseudophase separation model for mixed micelles. A multitude of observations suggest that
any mixed micelles are particularly rich in trans, and these observations are consistent with the
pseudophase separation model. Overall, it has been demonstrated that chemical shift and diffusivity data
can be used to describe the state of the system, including monomer concentrations and the composition of
any micelles. The application of these techniques to a mixed micelle system that can be internally altered
by light may be novel. The tools developed will also be helpful in analyzing the interactions between
azoTAB and polymers.
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Chapter 4
Photoresponsive Gelation
4.1 Introduction
Gels are materials that have attracted significant attention in recent years because of their possible
applications in areas such as drug delivery, chemical sensors, contact lenses, electrophoresis, rheology
modification and superabsorbency. A gel can be broadly defined as a polymer network of macroscopic
dimensions, swollen with solvent. The network is formed when there is sufficient cross-linking between
individual polymer coils such that the resulting structure spans distances that can be described as infinite,
relative to the dimensions of the original coils. These crosslinks may be formed by covalent chemical
bonds or physical interactions. Physical gels are of particular interest because the crosslinks can be
designed to reversibly form or dissolve in response to external stimuli, such as heat, pH or light. The use
of light is advantageous as it is chemically non-invasive and it offers a high degree of spatial control. The
current work thus concentrates on a photoresponsive gel system. It consists of a mixture of a
hydrophobically modified polymer and the photosensitive surfactant described in the previous chapters.
The surfactant and the hydrophobic groups of the polymer form aggregates which can be formed or
dissolved based on the wavelength of incident light. The aggregates serve to crosslink neighboring
polymer coils, forming a network. NMR chemical shift and diffusion measurements are used to explore
the nature of the polymer-surfactant interactions, the kinetics of the conversion between gel and solution
states, and the transport of solute particles through the gel.
4.2 Background
4.2.1. Examples of chemically crosslinked responsive gels
Responsive gels are gels that respond in some way to changes in their environment. The most widely
studied response is a change in the swollen volume of a chemically-crosslinked gel upon a change in
temperature [1-3], pH [3-6] or light radiation [7-10]. A number of different applications have been
proposed for responsive gels. These include use as actuators (such as artificial muscles), sensors, devices
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for controlled drug delivery, optical switches, rheology modifiers, microfluidic valves, enhanced
molecular separation systems, and tools for oil recovery.
The basis for many of these volume phase transitions is in the solution properties of the original polymer,
prior to any crosslinking. For example poly N-isopropylacrylamide (pNIPAM) exhibits a lower critical
solution temperature (LCST) in water, such that pNIPAM phase separates out of water at elevated
temperatures and reenters into solution upon cooling [1, 2, 11]. Water remains a good solvent for
crosslinked pNIPAM at low temperatures, so a swollen gel results. The gel then rejects solvent and
collapses when heated above the phase transition temperature. The accompanying change in the mass of
water retained by the gel can be several orders of magnitude. Similar transitions have been induced by
changes in the solvent composition [12], or changes in temperature due to light irradiation [10].
Other classes of responsive gels can be built by crosslinking polymers comprised of weak acids, such as
polyacrylic acid [5]. These gels expand and contract with changes in the pH, which modulates the
ionization of the acid groups. The resulting variation in repulsive electrostatic forces between repeat units
as well as changes in the osmotic pressure leads to swelling or collapse.
Stimulus-sensitive functional groups can also be incorporated into the chemical crosslinker. As discussed
in previous chapters, azobenzene changes conformation upon light irradiation. When azobenzene is
incorporated in the crosslinking agent, the entire gel expands or contracts under light, thus expelling or
absorbing water [8].
4.2.2. Polymer-surfactant interactions
Mixtures of surfactant and polymer have been used in applications as diverse as paints, detergency,
shampoos, foods, and oil recovery. The interactions between the two can also be exploited to design
reversible gels. As discussed extensively in Chapter 2, surfactants in aqueous solution may form micelles
when the surfactant concentration exceeds the CMC (critical micelle concentration). If polyelectrolytes
are mixed with oppositely charged surfactants, analogous behavior may be seen. When surfactant is
added at low concentrations, it will exist either free in solution or electrostatically bound to the polymer.
This binding is not cooperative, meaning each surfactant molecule behaves independently of any others.
As the surfactant concentration is increased past a critical aggregation concentration (CAC), the
surfactants cooperatively form micelles that are enwrapped by the oppositely charged polymer [13-24].
The resulting complex can be envisioned as a necklace, with micelles acting as beads along the polymer
string [16, 21, 25]. Evidence for this aggregation has been found using a variety of experimental
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techniques, including light scattering [23], fluorescent probes [13, 17, 23], NMR [13, 26, 27], surfactant
specific electrodes [28, 29] and neutron scattering [21]. The wrapping interaction between polymer and
micelle may also lead to a reduction in polymer coil dimensions, as seen through a reduction in solution
viscosity [30] and as measured using light scattering [31]. This change in dimensions can be observed in
dilute polymer solutions.
Polymer-surfactant systems exhibit complicated phase behavior as the surfactant concentration is raised
above the CAC. As the molar ratio of surfactant and polymer charged groups approaches 1:1, phase
separation occurs and neutralized polymer-surfactant complexes exit the solution [13, 18, 21, 26]. This
phase boundary is sometimes denoted as the charge neutralization concentration (CNC). Upon adding an
excess of surfactant, a single isotropic phase is again observed. While it may be of use in other
applications, phase separation should be avoided in the development of the reversible gels described in
this work.
Surfactant aggregate formation is more favored in the presence of oppositely charged polymer than in
solutions of surfactant alone. This difference is made clear by observations that the CAC is generally
lower than the CMC, sometimes by as many as two decades [20, 21, 28, 32]. The extra electrostatic
interactions in the polymer-surfactant system may help stabilise the micelles [33], but the low CAC is
often interpreted as being at least in part an entropic effect [17-20, 23, 33]. Micelle formation is itself
entropically driven, due to water molecules being more free to arrange themselves for hydrogen bonding
when the surfactant hydrophobic tails are removed from contact with the water [34]. This gain in entropy
upon micellization outweighs the accompanying entropy loss due to the segregation of surfactant from
water, as well as the concentrating of surfactant counterions in the double layer around the micelle. The
addition of polyelectrolyte makes micelle formation yet more entropically favorable because the polymer
serves as a giant multivalent counterion for the surfactants. A large number of small counterions that
were otherwise associated with surfactant or polymer are released into the bulk solution upon
aggregation. There is some support for this interpretation, as the model due to Hansson which accounts
for these effects is in qualitative agreement with experimental results [18]. The release of the polymer
counterions into bulk solution has been directly observed through use of ion-specific electrodes [19, 20].
Titration calorimetry indicates that the aggregation process is at least in some cases endothermic, thus
suggesting that entropic effects are important [19].
The CAC has also been observed to increase as the polymer concentration or the polymer charge density
is raised [24, 35]. This effect is predicted by the model of Hansson [18], and is also interpreted in terms
of entropy. At high polyelectrolyte concentrations, the released counterions of the polymer have a higher
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final concentration in the bulk solution than in the case of dilute polyelectrolyte. This difference in bulk
concentration corresponds with a reduction in the entropy gain due to the release of the counterions.
Polymer-surfactant interactions are not limited to those discussed above, as binding and micelle formation
also occurs in systems with non-ionic polymer and ionic surfactant [14, 25, 36, 37]. The polymer is
thought to reduce the interfacial tension between water and micelle by lessening the contact between the
hydrophobic micellar core and the solvent [14]. Polar interactions should also stabilise the polymer-
surfactant association. Hydrophobic interactions may also play a role, as association between cationic
surfactants and non-ionic poly(ethylene oxide) (PEO) is observed only at higher temperatures, at which
PEO has a more hydrophobic nature [36]. Other physical aspects of the system such as polymer chain
flexibility can also affect aggregation and the CAC[21]. Polymers-surfactant systems are thus influenced
by a subtle mixture of interactions that can be expected to change with the nature of the components and
their concentrations.
4.2.3. Hydrophobically modified polymers
The polymer can be given further useful properties through hydrophobic modification. Hydrophobic
groups are grafted onto the original water-soluble polymer as side chains. The resulting polymer is still
soluble in water, but the side chains have a tendency to aggregate into micelle-like structures. These
aggregates can be either intra- or inter-polymer in nature; the latter can result in a cross-linked gel.
Hydrophobically modified polymers (HMP) are also known in the literature as associating polymers and
polysoaps. Several different polymers have been modified in this way, such as polyacrylamides [38, 39],
polyethylene glycol [40] and hydroxyethyl cellulose [41], but this work will focus on hydrophobically
modified polyacrylic acid (HMPAA) [42], pictured in Figure 4-1.
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Figure 4-1 Structure of HMPAA as used in this work. 3% of repeat units are hydrophobically modified (in).
On average each polymer coil has 3500 repeat units. The formula weights of unmodified and modified repeat
units are 94 and 239 daltons, respectively. The unit formula weight in the original acid form is 72.
HMPAA is formed by grafting alkyl amines onto polyacrylic acid (PAA) through amidation; the side
chains are typically chosen to be between 12 and 18 carbons in length. Anywhere from 1% to 10% of the
PAA repeat units are modified, and the locations of the side chains are randomly distributed throughout
the polymer coil [43]. HMPAA is often used with the remaining acid groups neutralized to the sodium
salt form. The pKa of PAA is 4.7 [44], so the sodium salt is easily achieved at neutral or higher pH
through the addition of sodium hydroxide.
Aggregation of HMPAA is demonstrated through rheological measurements, in comparison to the sodium
salt of unmodified polymer, Na-PAA [42]. At low concentrations, HMPAA solutions have a slightly
lower viscosity than Na-PAA solutions. The slight reduction in viscosity is attributed to intra-coil
aggregation, which causes to polymer coil to contract. Above some critical polymer concentration (-1-3
wt%), inter-coil aggregation becomes apparent and the viscosity of the HMPAA can be two to three
orders of magnitude higher than that of Na-PAA. As the level of hydrophobic modification is increased,
the viscosity at any given polymer concentration is also increased. Fluorescent probes have also been
used to confirm the formation of these hydrophobic domains [45]. The solutions are shear-thinning, in
that the physical interactions holding the polymers together are disrupted at high shear rates [3].
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Figure 4-2 Possible arrangements in aqueous mixtures of hydrophobically modified polymer and oppositely
charged surfactant. Hydrophilic polymer backbone shown in blue, and 'sticky' hydrophobic grafts in red.
Possible variations in structure with changing polymer and surfactant concentration are shown. The length
of the original polymer coils, the fraction of modified repeat units and the addition of other salts will also
affect the observed structures. Not shown is phase separation possible in nearly equimolar mixtures of
polymer and surfactant charged groups. See text for further discussion.
4.2.4. Mixtures of hydrophobically modified polymers and surfactants
The tendency of HMPs to form aggregates leads to interesting behavior in their mixtures with oppositely-
charged surfactants. Some of the structures and domains that are possible in these mixtures are illustrated
in Figure 4-2. In the absence of any surfactant, inter- and intra- polymer aggregates form in concentrated
and dilute polymer solutions. These are shown in Figure 4-2A and D, respectively. As surfactant is
added to the HMPAA solution, there is at first some non-cooperative binding. Individual surfactant
molecules can bind to polymer, possibly preferentially at the side chains (Figure 4-2E). If the polymer
concentration is high enough that the side chains have formed hydrophobic domains, the surfactant
molecules may incorporate into those structures (B). Above a certain surfactant concentration (the CAC),
cooperative aggregation sets in and mixed micelles dominated by surfactant molecules appear (Figure
4-2C and F). Similarly to systems with unmodified polymer, the CAC generally occurs below the CMC
[45], but the transition may be less sharp when modified polymer is used [45]. Figure 4-2 also
qualitatively reflects the elevation of the CAC with increasing polymer concentration.
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The aggregation in such a system is driven by the same electrostatic, interfacial and entropic effects as in
case with unmodified polymer, with the addition of the hydrophobic effect leading to the inclusion of side
chains in the micelles. The polymer is cross-linked if each micelle on average incorporates side chains
from more than one coil. As the surfactant concentration is further increased, the number of crosslinking
micelles also increases, leading to an increase in viscosity and gelation.
Upon addition of sufficient surfactant, the number density of micelles can be so high that each micelle
contains on average fewer than two polymer side chains. At this point, the micelles no longer serve as
effective crosslinking sites and the polymer network breaks apart (Figure 4-2G) [31, 46]. Phase
separation due to charge neutralization is also observed as the surfactant concentration is increased,
though there is again a single phase when there is a molar excess of surfactant charge [26, 31]. Under
conditions of excess surfactant, free micelles will observed in addition to those bound to the polymer
(Figure 4-2G).
Rheological evidence for this progression of structures is available in the literature and an example is
given in Figure 4-3 [46]. Interestingly there is evidence for polymer-surfactant interactions even when the
polymer and surfactant have like charge. In this case, strong repulsive electrostatic forces are overcome
by hydrophobic interactions to allow some degree of polymer-surfactant aggregation.
POLYMER CONCENTRATION = I%
1 0~i
DTAB
410CL
10
0
10'
SURFACTANT CONCENTRATION (mol.t)
Figure 4-3 Viscosity of aqueous solutions of HMPAA with different surfactants: cationic (DTAB,
dodecyltrimethylammonium bromide), nonionic (C12E5, pentaethylene glycol monodecyl ether) and anionic
(SDS, sodium dodecyl sulfate). The polymer concentration is fixed. The original PAA has a molecular weight
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of 150,000 daltons, which is smaller than that used in this work. The side chains have 18 carbons, and 1% of
repeat units are modified. Taken directly from [461.
Similar behavior [47] has been demonstrated for aqueous mixtures of HMPAA and the photosensitive
azoTAB surfactant [48] described in the previous chapters. azoTAB exists in two different isomers, trans
and cis, and conversion between the two is achieved by irradiation. UV-irradiation favors the formation
of cis, whereas visible light drives conversion towards trans. The trans form is also more stable, so
samples isolated in the dark eventually revert to all trans. The trans form is more hydrophobic and packs
more easily into micellar structures, so it has a lower CMC than the cis form. When mixed with
HMPAA, the two isomers also exhibit different CACs. A mixture at appropriate concentrations can thus
be switched between a viscous gel state and a relatively un-crosslinked solution state simply by use of
light (see Figure 4-4).
4 trans
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Figure 4-4 Viscosity of HMPAA-azoTAB system. HMPAA concentration is fixed at 2.5 wt%. Taken from
Lee et al [47]
It can be seen in Figure 4-4 that the maximum viscosity in the trans form is higher than that in the cis
form, suggesting that the trans micelles are more stable than the cis, leading to stronger micelles. The
fully extended trans form of the surfactant is about the same length as the solubilized alkyl side chains,
whereas the cis form is shorter. It has been shown that the formation of mixed micelles is enhanced when
the constituents are of comparable length [49]. In addition, the packing of the surfactant molecules in
micelles may be more efficient in the trans conformation, which would also make that form more stable.
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trans azoTAB
Figure 4-5 Space-filling models of trans and cis azoTAB.
packing into well-ordered micelles.
cis azoTAB
The kinked shape of the cis may prohibit efficient
The physical structures which may be present in the HMPAA-azoTAB system are summarized in Figure
4-6:
Polymer concentration is fixed
A
UV *
(3-4% trans)
Dark
so ution
Incipient gel
<1mM ~1mMto6mM
Incipient gel
Strongegel
7 mM to ~20 mM
[surfactant]
Figure 4-6 Possible configurations of azoTAB and HMPAA in aqueous solution, as understood before this
work. Blue segments are the hydrophilic backbone of HMPAA. Red segments denote the hydrophobic side
chains. Surfactants in green with straight tails are trans azoTAB; surfactants in blue with bent tails are cis.
Progression of structures is similar to that illustrated in Figure 4-2, with the addition of an axis for isomeric
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(100% trans)
composition. See text for discussion. Recent SANS work suggests that the micelles are ellipsoid in either light
condition [50]; this is not explicitly drawn for simplicity.
The progression of structures is similar to that illustrated in Figure 4-2, with the addition of an axis for
isomeric composition. In section A, the system is below the CAC in either light condition. Section B
corresponds to - 1 mM to about 6 mM. This region is above the CAC in dark-adapted samples, but
below that for UV-adapted samples. Reversible gelation is thus initiated by use of light. In section C, the
addition of further surfactant leads to more crosslinking and stronger gels in the dark-adapted state, as
well as weak gels in the UV-adapted state. There will still be a difference in viscosity between the two
light conditions, as seen in the 7 - 20 mM range in Figure 4-4. At higher concentrations, there are excess
micelles in either isomer state, so the crosslinking becomes less effective.
There are other ways of incorporating photoresponsive moieties into physical gel systems. Azobenzene
can be incorporated into branch units of the polymer which would then affect inter-polymer aggregation
[51] or co-aggregation with oppositely charged micelles [52, 53]. Some photoresponsive polymers have
also been formulated with azobenzene in the polymer backbone, as opposed to branch groups. Such a
strategy has led to a polymer solution with photo-tunable viscosity [54, 55]. A gel was not actually
formed, but the trans form of azobenzene led to a 60% higher bulk viscosity than the cis form. The more
compact cis isomer resulted in more compact polymer coils, and thus lower viscosity.
4.2.5. Kinetics of gelation
In previous reported work, the time of sol-gel and gel-sol transitions in the azoTAB-HMPAA system was
estimated to be on the scale of several minutes, though it required hours for the system to fully equilibrate
[47]. The kinetics of this process thus appeared to have some complexity that would have to be
understood before any practical applications are designed. A number of steps can be expected to be part
of the process, and it is not a priori known which step would be rate limiting. The photoreaction initiates
the process, and is controlled by light intensity, wavelength, path length and sample concentration (see
Chapter 2). The photokinetics could also possibly be affected by steric hindrances in a gel system [56],
though no such effect was observed in micellar azoTAB solutions. Subsequent to the photoreaction is the
formation or dissolution of the micelles, which is typically on sub-second time scales [57], and finally any
polymer relaxation.
130
When the gelation process has been experimentally monitored over time, it is often done by measuring
changes in viscosity or elastic modulus [58-62]. This information is relevant if the applications of the gel
are related to its rheological properties, but it does not directly provide insight on the molecular-level
structure of the gel. Alternate methods to follow the kinetics are less frequently reported, but they include
SANS (small angle neutron scattering) [63], NMR relaxation rates [62], and NMR diffusometry with
probe solutes [64] and with the gelled polymer itself [65, 66]. It was felt that a NMR-based study of the
kinetics of polymer-surfactant systems, particularly a light-activated one, would be beneficial.
4.2.6. NMR methods
The rheological results shown above provide some insight into the molecular architecture of the polymer-
surfactant system, but NMR spectroscopy could be used to provide more direct observations regarding the
characteristics of any aggregates. If the surfactant and polymer nuclei experience distinct electronic
environments in each of the configurations illustrated in Figure 4-2, then these different states will have
distinct NMR chemical shifts. If the chemical exchange between the various sites is fast compared to the
NMR time scale, then the NMR spectrum will exhibit a single peak. The chemical shift of that observed
peak will be a weighted average of the chemical shifts that would be expected for each individual site.
The relevant time scale is on the order of
(4.1)
Av
where A u is the difference between the peak frequencies of the various sites, in hertz.
In Chapter 2 it was shown that exchange of azoTAB between monomer and micellar environments is fast
compared to this time scale, which is on the order of milliseconds. As such, only a single NMR peak was
apparent for each azoTAB 1H nucleus. The corresponding expression for this average chemical shift was
given as
ob, = Ymonmon + Ymimic (4.2)
where 6 b, is the measured shift, m,,n and 6, are the shifts of surfactant in the monomer and micellar
sites, and ymon is the fraction of surfactant existing as monomer. This expression is written independently
for trans and cis azoTAB.
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The presence of the polyelectrolyte leads to additional possible surfactant sites, as illustrated in Figure
4-2. Surfactant monomer may be free in the bulk solution, or bound to the polymer chain through
electrostatic and hydrophobic interactions. Likewise, micelles may be either free or enwrapped by
polymer, with different numbers of polymer side chains possibly taking part in the micelles. Surfactant in
each of these different sites could have different chemical shifts, adding terms to Equation (4.2). The
NMR peaks of the polymer side chains may also be sensitive to these changes in environment, so the
analysis could be repeated for that component. It would be infeasible to explicitly consider every possible
distinct site for either polymer or surfactant, so simplifications must be made based on the observed
results and physical assumptions.
If surfactant or polymer molecules do not exchange between the different sites on the NMR time scale,
then distinct peaks will be observed for each environment. This slow exchange has been observed for the
hydrophobic side chains in some previous NMR studies of HMPs [67, 68] (see Figure 4-7). In the case of
slow exchange, the areas of these peaks can be integrated to give the relative fractions of side chain in
various states.
F/P-pea b
S-peak A-peak 10-2
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Figure 4-7 '9F NMR spectra of a HMPAA mixed with different concentrations of sodium dodecyl sulfate.
Shown is a series of peak corresponding to the side chain. The side chain consists of 8 carbons, and is
perfluorinated. Polymer concentration is fixed at 5wt%. Peak F is attributed to unaggregated side chains; S
to side chains incorporated in surfactant-rich micelles, and A to side chains aggregating with other side
chains. Taken from 1671
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4.2.7. Solute diffusion through polymer solutions and gels
Some of the applications envisioned for these reversible gels would require the rate of solute diffusion
through the material to be dependent on the extent of gelation. With the azoTAB-HMPAA system, it can
be imagined that the mesh through which a solute must diffuse will change in structure, based on the level
of crosslinking present. Such an effect would enable these reversible gels to be used as tunable beds for
electrophoresis or chromatography, for example.
The diffusion of solutes through hydrogels has been capably reviewed elsewhere [69, 70]. Solute
mobility is generally reduced in polymer solutions and gels, as compared to the mobility in neat solvent.
Various physical mechanisms have been developed to explain these effects. The polymer may simply
decrease the free volume available for solute movement, it may cause increased hydrodynamic drag, or it
may present impenetrable obstructions that lead to an increased path length for diffusion. Through
consideration of these mechanisms, a multitude of equations have been developed to predict D / Do,
where D and Do are the solute diffusivities in gel and neat solvent, respectively. The key parameters in
almost all of these relations are the polymer volume fraction and the radius of the solute ,, but the
form of the dependence of D on #, and r, can vary widely. A sieving effect due to the mesh size of the
polymer solution or gel has also been explicitly incorporated into the free volume theory. In this case, the
expression for D / Do includes a factor such as
p=1 - (4.3)
where p is the probability of a solute with radius r, passing through a mesh of size . Due to this effect,
solute diffusion has been suggested as a complement to SANS for measuring ( [71].
Polyethylene glycol (PEG) is often chosen as the probe molecule, as it should not bind to the substrate
polymer through electrostatic or hydrophobic interactions. There is however some hydrogen bonding
expected between PEG and PAA [72]. PEG also generally has a low polydispersity, allowing for
simplified analysis, though some authors have quantitatively accounted for complications due to
polydispersity [73]. Not all studies report that probe diffusivity is sensitive to gelation [69]. In gels
formed by casein or whey, PEG diffusivity was actually found to increase upon gelation (induced by
addition of rennet, or a change in temperature, respectively) [64, 73-76]. This effect was possibly due to
larger voids appearing due to the coagulation process that let to gel formation. The diffusion coefficient
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of PEG was also reported to be higher in carrageenan gels than in the corresponding solutions [77].
Those authors went on to enhance the gels with chemical crosslinking, and found no impact on solute
diffusion. They hypothesized that such crosslinking would only affect solute diffusion if the addition of
crosslinks changed the polymer volume fraction, unless the solutes were particularly large.
In contrast, gelation in 20 wt% dextran solutions, which occurred upon addition of potassium ions, was
reported to decrease the diffusion coefficients of a range of small molecule solutes [78]. The diffusivity
of acetone and water were reduced by 28% and 18%, respectively. Molecules as small as water were also
found to respond to changes in the mesh size by Gibbs et al [79]. RC / was reported to be a good
scaling parameter for the observed diffusivities, where C is the polymer concentration. Diffusion of
proteins and hydrophobic fluorescein were also found to be reduced upon temperature-induced gelation in
Pluronic-PAA copolymers [80]. The retardation of fluorescein was attributed to that molecule
partitioning to the hydrophobic domains which act as crosslinkers for the gel. The effect on proteins was
explained using the obstruction mechanism, through which the mean free path is increased as the gel
forms.
Another dimension to solute mobility in gels is the dependence of the observed diffusivity on the time
allowed for diffusion. Sometime no such dependence is found [73, 75, 78], in which case the diffusion
can be taken as Gaussian and isotropic. If the apparent diffusivity decreases with increased diffusion
time, the gel is likely inhomogeneous. On small length scales the diffusion may be relatively unhindered,
but on longer length scales the probe may encounter some barrier. This situation is referred to as
'restricted' diffusion, and the distance between barriers can be inferred by studying the time dependence
of the diffusivity. This has been done by using water to probe gellan gum gels [81], and PEG to probe
chemically cross-linked PAA [82].
As should be apparent from this brief review, solute diffusion in gels is a complex topic. The diffusivity
of solutes in polymer solutions is almost always found to decrease with increasing solute radius and
polymer concentration. But it is rather difficult to predict exactly how the diffusivity will scale with those
parameters, and even more difficult to predict how a solute will respond to gelation. Nonetheless such
experiments shed light on the structure of the gel, and thus the gels in this work were probed using solutes
of varying sizes.
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4.3 Experimental section
4.3.1. Materials
All solutions in this section were prepared in deuterium oxide, used as received from Cambridge Isotope
Laboratories. The azoTAB surfactant was synthesized as previously described [48].
The sodium salt of hydrophobically-modified poly(acrylic acid) (HMPAA) was prepared using an amide
coupling reaction described by Wang [42]. Poly(acrylic) acid with an average molecular weight of
250,000 daltons is reacted with dodecylamine in the presence of dicyclohexylcarbodiimide. Anhydrous
n- methylpyrrolidone is the reaction solvent. Enough amine is added to modify 3% of the polymer repeat
units; the resulting polymer is denoted HMPAA 250k-3. The locations of amide coupling have been
previously found to be randomly placed throughout the polymer coil [43]. The addition of sodium
hydroxide results in the anionic polyelectrolyte shown in Figure 4-1. The pD of HMPAA solutions is
about 8, which is well above the pKa of PAA [83]. The purification procedure of Wang was modified in
that excess sodium hydroxide was removed by dialysis, instead of using precipitation from methanol.
Some supplementary experiments were performed using HMPAA with 5% of repeat units modified,
denoted HMPAA 250k-5.
In some cases a solute was included in the sample. These were generally poly(ethylene glycol) (PEG) of
different sizes, with the larger polymers labeled as poly(ethylene oxide) (PEO). All were used as
received, and added such that the solute made up 0.06% or 0.03% of the samples on a mass basis. PEG or
PEO with molecular weights of 600 and 100,000 daltons were obtained from Aldrich. PEG with weights
of 6000, 12000 and 40000 daltons were obtained from Fluka respectively. Also obtained from Aldrich
was a star PEO, with a molecular weight of 10,000 and 4 arms extending from a branch point. The
samples obtained from Fluka were specified as standards for chromatography, and have low
polydispersity (M / Mn of 1.1). Some additional experiments were done with small molecule solutes,
dimethylformamide and pyridine. Both were used as obtained from the manufacturer.
4.3.2. Preparation of gels
Due to the difficulty in loading viscous samples, gels were prepared within the NMR tubes. Solutions of
azoTAB and HMPAA were added from separate stock solutions to the tube and the gel forms as the two
components mix. Any solute was added from a third solution. Some agitation was introduced by placing
the NMR tubes upon a nutating mixer. The nutater gently gyrates the samples. To ensure sample
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homogeneity, at least one month was allowed to elapse before any measurements are taken. No
evaporation of solvent was evident during this period. When faster preparation was required, direct
mixing was accomplished by manually agitating the sample with tube inserts available from Wilmad.
These tube inserts were then left inside the NMR tube, in order to avoid removing any material.
Unless otherwise noted, the final polymer concentration was fixed at 2.5 wt %, inclusive of the sodium
counterion. The mass of the surfactant or added solute was neglected in the calculation of the weight
fraction. This polymer concentration is slightly above the overlap concentration (0.6 wt%), so the
solutions are semi-dilute. The surfactant concentration was varied between 0 and 20 mM. The stock
solutions of both surfactant and polymer are necessarily more concentrated than the final mixtures within
the NMR tubes. HMPAA solutions are viscous and it becomes difficult to accurately transfer them into
NMR tubes by pipette at concentrations above 6 wt%, thus putting a constraint on the possible
concentration of the polymer stock solution. The solubility limit of azoTAB precludes surfactant stock
solutions above 60 mM. Due to these limits, it was not easily possible to obtain polymer-surfactant
mixtures at surfactant concentrations above 20 mM.
4.3.3. Measurement of 'H NMR chemical shift
NMR spectra are taken with a 500 MHz Varian spectrometer, with settings and spectrum referencing as
described in Chapter 2. Spectra were processed using the MestReNova software package.
Measurement of kinetics was done as described in Chapter 1, but using more concentrated samples (5
mM azoTAB). A sample within a NMR tube was irradiated with UV light for some increment of time,
then inserted into the spectrometer and a 1H spectrum was collected. The distinct trans and cis were
integrated to find the fraction of each that was present. This cycle of irradiation and observation was
repeated for the same sample until the photostationary state was achieved. The irradiation intervals
ranged from 30 seconds to six minutes; the shorter intervals were used in the beginning of an experiment
when the reaction rates were higher. 20 scans were found adequate for a satisfactory signal to noise ratio
in each spectrum. Four minutes were required for to collect these 20 scans, and an additional 2-3 minutes
were required for sample insertion and shimming before the spectrum could be collected.
The tubes were placed 1 cm away from the Oriel lamp described in Chapter 1, with a UV bandpass filter
(Oriel 59810) installed. The irradiance at this distance was measured to be 4.7 mW/cm2; the maximum
intensity with this filter was at 360 nm. This filter had a full width at half maximum (FWHM) of 52 nm.
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Kinetic experiments were done in two ways: avoiding agitation, and with intentional mixing. In the
intentional mixing case, the sample tube was manually agitated before and after irradiation periods to
ensure the sample volume was well mixed. When avoiding agitation, the sample was held as still as
possible during transfer between the lamp and the spectrometer. The orientation of the tube with respect
to the lamp was fixed, such that the same part of the sample volume was always nearest (or furthest) from
the light source. This procedure was meant to allow composition gradients to build up within the tube,
due to uneven absorption of light within the sample. It was impossible to ensure an entirely quiescent
sample.
4.3.4. Diffusion measurements
Diffusivities of surfactant, polymer and solutes were measured using the pulsed field gradient spin-echo
(PFG-SE) NMR method [84-86]. There exist a multitude of PFG-SE pulse sequences; the BPP-LED
(bipolar pulsed-field gradient method with longitudinal eddy current delay) pulse sequence was chosen
for this work [87]. Most measurements were performed in the Francis Bitter Magnet Lab at MIT using a
600 MHz spectrometer. The NMR probe was manufactured by Nalorac and can deliver a maximum field
gradient of 61 G/cm. Some additional measurements were done at the Martinos Center of Massachusetts
General Hospital using a 600 MHz Bruker instrument. The maximum gradient at this facility was 54
G/cm. In practice, neither probe could reliably produce linear gradients with these maximum magnitudes,
so in practice the FBML probe was limited to 90% of the stated maximum value and the MGH probe was
limited to 70%. The calibration of the gradients was described in the previous chapter.
The original and most simple PFG-SE pulse sequence is illustrated Figure 4-8, in order to demonstrate
some basic concepts of the experiment. More rigorous discussions can be found in the literature [88]. An
initial radiofrequency pulse rotates the spin magnetisation vector 90 degrees from the longitudinal axis to
the transverse plane. From this time onwards, relaxation of this vector occurs exponentially with a time
constant of T2 . At some time after the initial 90 degree pulse, a linear gradient in the background
magnetic field is introduced for a durationtS. During this gradient pulse, the spatial locations of the
different molecules in the sample are 'encoded'. After an interval A, another gradient field pulse is
applied in order to 'decode' this information. The NMR signal at the end of the sequence is known as the
spin-echo. If the molecules remain spatially fixed during A, the intensity of the spin echo will be simply
that which is expected due to the aforementioned T2 relaxation. Any movement of the molecules results
in a weaker spin echo; relaxation and diffusion both independently attenuate the measured signal.
Assuming all motion to be Brownian, mathematical expressions are available for relating the spin echo
intensity to the diffusivity.
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The BPP-LED pulse sequence used in this work is illustrated in Figure 4-9, with the governing relation
provided in Equation (4.4). The sequence is different from the classical one shown in Figure 4-8 in some
key respects. The imposition of field gradients can induce eddy currents which could distort the
measurement. These eddy currents can be largely eliminated by following each gradient pulse with
another gradient that is equal in magnitude but opposite in orientation. The BPP-LED sequence therefore
splits each gradient pulse into bipolar pairs. BPP-LED is also an example of a stimulated echo sequence,
in which the magnetisation vector is stored along the longitudinal axis for most of the experiment (during
T and T, of Figure 4-9). The nuclei in the sample will therefore relax mostly according to the
longitudinal time constant T, instead of the shorter T2 . This feature is helpful for the study of polymers
and immobilized molecules, as they tend to have fast relaxation rates as well as low diffusivities. For
these slow-moving molecules, relatively long diffusion times (A) can be required for diffusion to cause
an accurately measurable decrease in the spin echo intensity. Unfortunately the simultaneous attenuation
of the spin echo due to relaxation can cause the signal to decay to imperceptible levels before the
acquisition time. It is therefore beneficial to minimize the relaxation rate by selecting T, relaxation over
T2 -
90* 1800
Spin Echo
A
Figure 4-8 Pulse sequence of the classical Stejskal-Tanner PFG-SE experiment. Not used in this work, but
shown for comparison with the BPP-LED sequence in Figure 4-9. X-axis is time, but is not drawn to scale.
Radiofrequency pulses are shown as blue lines and are labeled with the flip angle. Grey boxes correspond to
pulses of gradient magnetic field. The measured diffusion takes place over time and is the gradient pulse
width.
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Figure 4-9 Pulse Sequence in the BPP-LED experiment. The temporal axis is again not drawn to scale. The
measured diffusion takes place over time A, typically from 100 to 3000 ms. t is the gradient pulse width and
may be varied from 2 to 5 ms. r is fixed as 0.1 ins, and the delay T, at 50 ms. Measured quantity is the
amplitude of the signal in time AQ. Rectangular gradient pulses are used, as shown.
The relationship between the observed spin echo intensity and the diffusivity in the BPP-LED sequence is
as follows:
1 T)-(T + T) [-(4r + 2) [x D 2(a_ _Il
2 TL i _ T2 _3 2_
where
q = SyG
(4.4)
(4.5)
and A, 6, r, T and T, are defined in Figure 4-9. S is the intensity of the spin echo, and S(0) is the
signal intensity immediately after the initial radiofrequency pulse. The first two exponential
decays account for the relaxation effects discussed above. D is the diffusion coefficient of the
observed nucleus. The gyromagnetic ratio yis a nucleus-specific constant, and is 2.68* 108 rad s-
'T-1 for 'H. G is the strength of the magnetic field gradient.
To avoid having to explicitly account for the effects of relaxation, the various times T, T, ,S and
r are generally held constant throughout a series of experiments. The terms due to relaxation
can then be absorbed into S(0). The BPP-LED sequence is run at different values of the field
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gradient strength G, and a semi-log plot of the resulting spin-echo intensities versus
q2 A-_5_- ) provides a slope equal to the diffusivity (see previous chapter). Such plots are
3 2
commonly known as Stejskal-Tanner plots, and the abscissa is generally denoted as 'k'. In order
to accurately determine the slope, the field gradient is varied such that there is about one decade
of attenuation in the intensity values S. Due to the relatively weak gradient strengths available
for this work, it can be difficult to attain this level of signal decay when studying polymers and
other slowly-diffusing molecules. In such cases the signal attenuation is enhanced by setting the
gradient pulse length S to the maximum value of 5 ms; the equipment can be damaged if field
gradients are applied for longer periods. The level of attenuation can be further increased by
using large values of T, resulting in long diffusion times A. The maximum value of Tis
constrained by the rate of Trelaxation as discussed above; T was set as high as 2-3 seconds
when measuring polymer diffusion.
An example Stejskal-Tanner plot for the simple case of dilute poly(ethylene glycol) diffusing in
deuterium oxide is shown in Figure 4-10. The solute diffuses quickly enough that moderate values of S
and T are sufficient to obtain the desired level of decay in the spin echo.
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Figure 4-10 Example Stejskal-Tanner plot for 0.06 wt% PEG, molecular weight 12000, in deuterium oxide.
Attenuation of signal is one decade. Parameters: 1, 2 ms; T, 500 ms. Field gradient varied from 0.061 T/m
to 0.488 T/m. Diffusivity obtained from slope: 6.6*10'11 m2/s. R2 = 0.9998.
The spectra were analysed using the MestReNova package. The peak intensities were obtained by using
the peak picking tool. Line broadening was applied to improve the signal to noise ratios, up to a
maximum of 6 Hz.
There are further complications in this analysis when multiple species contribute to the NMR signal at a
shared resonant frequency. This can occur when nuclei exchange rapidly between different
environments, such as surfactant monomer and micelle. If the exchange is fast compared to the time scale
given in Equation (4.1), then a single peak is observed according to Equation (4.2). The apparent
diffusivity will also be a population-weighted average:
Dbs = 1 yD, (4.6)
where Dobs is the apparent diffusivity, found from the Stejskal-Tanner plot. Di is the diffusivity of
component i, and y, is the fraction of nuclei existing as that component.
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There are also cases in which two species share the same resonant frequency, but there is slow or no
exchange of nuclei between the two forms. Under these conditions, a simple Stejskal-Tanner plot
exhibits curvature. Equation (4.4) is re-written for the multiple components i:
1 (T + T,) -(4r + 25) 2 (5
= iiexp[TI) exp L (r±31exp[ Dq (A-i ") (4.7)
s() 2 Tq 3 2]
where f, is the fraction of nuclei present in component i, T, and T2 , are relaxation time constants of
species i, and D, is the diffusivity of component i. Due to the overlap in the component peaks, it may
not be possible to determine the relaxation time constants of each species. In this case, the relaxation
terms cannot be considered explicitly, and are instead lumped into constants:
S(0)= f exp Dq A - ] (4.8)
where f1 is the product of the nuclear fraction and the relaxation terms. The term f, is equivalent to the
nuclear fraction only if the various components iall have the same relaxation time constants. From
measurements of the spin echo intensity S at various field gradient strengths, Equation (4.8) can be used
to find the best-fit values of f, S(O) and D, .Additionally, if one component has a clearly lower
diffusivity than the others, then only that slowest component contributes to the spin echo intensity at high
gradient strengths. A Stejskal-Tanner plot may then appear linear at high values of q 2 A
3 2)
with the slope corresponding to the diffusivity of the slowest component.
The time required to measure a diffusion coefficient prohibits the use of NMR diffusometry for following
processes that occur on the time scale of minutes or less, unless they can be interrupted between
measurements. After the sample is inserted into the spectrometer, ten minutes are required for allowing
the sample to stabilise at the setpoint temperature (here, 25 C). Shimming of the gradient coils also takes
place during this pause. Then, each individual spin echo measurement requires 0.5 to 3 seconds diffusion
time, 1-2 seconds acquisition time, and 2 seconds of delay before the next measurement. Each
measurement is done 16 times to complete the required phase cycling. Finally, spin echoes must
generally be measured using at least 10 and sometimes over 50 distinct settings of gradient strength, in
order to produce a usable Stejskal-Tanner plot. It can therefore take at least 25 minutes or well over an
hour to measure the diffusion coefficients in any one sample tube.
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As in the previous Chapter, the photoreaction of azoTAB is interrupted by applying the irradiation in
intermittent pulses, with the NMR measurements done in between the pulses. Any remaining process that
takes place on a time scale of minutes will not be observed.
4.4 Results: Polymer-surfactant interactions
4.4.1. 1H NMR spectra
The 'H NMR spectra of PAA, PAA-Na and HMPAA are shown in Figure 4-11, including peak
assignments. The PAA spectrum is consistent with those reported in the literature [89, 90]. The
multiplicity of the polymer backbone peaks is due to the tacticity of the chain. The orientation of the
neighboring repeat units affects the chemical shift of each proton. The peaks can be integrated to show
that there are about equal populations of racemo and meso diads, so the polymer is taken to be atactic.
The modified polymer shows extra peaks attributed to the grafted side chains; a comparison of the
integrated peak areas confirms that 3% of the repeat units are modified in HMPAA 250-3. This
integration shows that the amide coupling reaction proceeds to full conversion and is thus controlled by
the stoichiometry of the reagents.
200graft CH2  190
- .- . 180
170
160
150
140
130
120
. -. 
-
- - -. 1 10
CH2 100CH2  9
60
-50
40
30
- 10
2.6 2.3 2.0 1.7 1.4 1.1 0.8
1H (ppm)
Figure 4-11 1H polymer spectra. In red, poly(acrylic) acid at low pH (PAA). In green, the sodium salt of
PAA (PAA-Na). In blue, the sodium salt with hydrophobic modification (HMPAA). Peaks are shifted upfield
upon addition of sodium hydroxide. Peaks due to tacticity of PAA are labeled; the resolution of these peaks is
affected by the pH. All spectra are measured at a polymer weight fraction of 2.5% in deuterium oxide.
Characteristically for polymers, the 'H peaks of HMPAA are broad and could obscure the signal from
other components in the sample. Fortunately the aromatic proton peaks of azoTAB are located downfield
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of the polymer and are clearly visible, as are the azoTAB peaks labeled 'G' and 'K' (see Figure 4-12).
Likewise, the polymer peaks corresponding to the grafted chains and the CH groups of the backbone do
not overlap with any surfactant peaks.
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Figure 4-12 'H NMR spectrum of azoTAB-HMPAA mixture. Measured at azoTAB concentration of 3 mM
and 2.5 wt% HMPAA in deuterium oxide. azoTAB molecule shown with labels for 'H peaks. Surfactant
nuclei H and I are obscured by the broad polymer chain CH2 peak.
This lack of overlap allows both surfactant and polymer to be studied independently using 'H. The cis
and trans isomers of azoTAB again provide distinct 'H peaks that can be integrated to provide the isomer
composition. These features of the spectra of HMPAA-azoTAB mixtures allow the use of the techniques
described in the previous chapter for the purpose of studying aggregation.
4.4.2. Surfactant chemical shifts
NMR spectra were collected in dark-adapted samples at a fixed HMPAA concentration and varying
azoTAB concentrations. The superimposed spectra in Figure 4-13A show that only one peak is visible
per proton at any given concentration, but the position of that peak is dependent on the concentration of
azoTAB. This observation indicates rapid exchange of azoTAB molecules between at least two different
sites, with the partitioning between those sites changing with concentration. An equation with a form like
that of Equation (4.2) should apply for the chemical shifts. The concentration dependence of the chemical
shifts is plotted in Figure 4-13B. The protons labeled 'G' and the aromatic protons are more sensitive to
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changes in the environment than the headgroup protons 'K' (see Figure 4-12 for peak labeling). This
ordering is similar to that shown in Chapter 2 for surfactant-only solutions. As discussed in that previous
chapter, aromatic ring current effects [91] are likely causing enhanced changes in chemical shifts upon
aggregate formation. In systems lacking aromaticity, the chemical shift is much less sensitive to
aggregation. These ring current effects will generally be stronger in protons that are close to the aromatic
rings, and are related to the orientation of the observed protons relative to the aromatic 7c electrons.
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Figure 4-13 Dependence of peak position on azoTAB concentration in dark-adapted samples. Measured with
2.5 wt% HMPAA. Figure 4-13A: Overlaid spectra from various azoTAB concentrations, 0.5 mM to 20 mM.
Shown are peaks 'C' and 'F'. Figure 4-13B: Chemical shifts of different protons, relative to the shift
observed at 0.5 mM. Some surfactant peaks ('A', 'B', 'H', 'I') cannot be plotted because they are obscured
by the polymer peaks.
The trends in Figure 4-13B are qualitatively similar to those seen in the absence of any polymer, but with
some key differences. The data collected from surfactant-only solutions are shown in Figure 4-14A and
are reviewed here. In dark-adapted samples, 100% of the surfactant exists in the trans form. There is a
breakpoint in the dark-state chemical shift data at about 3.3 miM, indicating the trans CMC at which
micelles begin to form. At concentrations above the CMC, the series asymptotically approaches the
chemical shift of a surfactant residing within a micelle om,'in accordance with Equation (4.2). If there
were only non-interacting monomers below the CMC, then the chemical shift would be constant below
3.3 mM. There is however a slight slope to those data, indicating some level of pre-micellar aggregation.
In the UV-adapted state (circular markers in Figure 4-14A), 97% of azoTAB exists as the cis isomer, with
the trans making up the balance. No breakpoint is apparent for either isomer; the trend throughout the
observed concentration range suggests that only pre-micellar aggregates are formed. These results are
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consistent with the hypothesis that the cis surfactant is less likely to form micelles than the trans, so it
would have an elevated CMC. Fluorescent probe, NMR peak width and diffusivity measurements also
confirm a lack of micelle formation in the UV-adapted samples, as discussed in the previous Chapter.
Furthermore, SANS results suggest that cis azoTAB forms pre-micellar disc-like structures instead of
proper micelles over this concentration range; the aggregation number of these discs is on the order of 5
[50]. In contrast, trans rich micelles in the dark- or visible- adapted states are likely to form ellipsoids
with aggregation numbers in the range of 60-100. The trans isomer remaining in the UV state would tend
to form micelles, but its prevalence is too low to allow micelle formation on its own. As suggested in the
previous Chapter, if it were possible to extend the observations to higher concentrations, a CMC could
become apparent in the UV photostationary state. However the experimentally accessible concentration
range is limited by the difficulty of achieving a photo-stationary state in optically thick samples.
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Figure 4-14 A: Chemical shift measurements for azoTAB peak 'C' in the absence of any polymer. Values for
trans shown in red, cis shown in blue. Triangular markers are for the dark-adapted state; circles for the UV
state. UV-adapted state measurements are limited to a lower concentration range due to the optical thickness
of the samples. Linear trendlines are drawn for the UV data, and results of a simple pseudophase separation
model are drawn for dark state data. See previous Chapter. B: Progression of aggregation under the
different light conditions. trans azoTAB shown in green, with straight tail; cis shown in purple with bent tail.
In dark-adapted state, some dimers or loose clusters can be expected below the CMC. As the concentration is
increased above the CMC, the additional molecules form micelles. In the UV-state, only loose dimers or other
pre-micellar aggregates are formed over the observed range. SANS work has suggested that these loose
aggregates are disc-like, with aggregation numbers of about 5 [50]. Micelles dominated by trans appear to be
ellipsoid, with aggregation numbers in the range of 60-100.
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The chemical shifts at infinite dilution are also noteworthy because the effects of inter-surfactant
interaction are excluded. The chemical shift of trans azoTAB converges on the same value at infinite
dilution, regardless of the light condition. This convergence is expected, as the other surfactant molecules
are too distant for their isomeric state to affect the environment of the observed trans molecule. There is
however a large offset between the cis and trans peak positions at low concentrations, indicating that the
NMR environments of the two isomers are inherently very different.
7.6 state -t ras 7.6
A with 2.5 wt% dstate: 34% trans Bavtrans in UV state, no potymer
HMPAA 7.4
7.4 -.
E EI
.trans in dark state, no polymer
E EArantanis in darkssta
0 7.c trans in UV state 7. N
6.86.
Bcr s 
in U V state, no 
polym er
6ian s ind state, with polym er7.2Tcct Mtran s costatn, mdae s , 1trans in dark state, with polymer
w% H h6.8 cisin av state, no polymer
ofs psedo s s s w nl csin V state, with polymer
6.6 -- ---- 16.6
0 5 10 15 20 25 0 5 10 15 20 25
Total azoTAB coeyeaontreien, mM Total azoTAB concentration, ilmMi
Figure 4-15 Chemical shift of azoTAB proton iC' in different conditions. A: Aqueous solutions and gels with
both azoTAB and HMPAA. B: with azoTAB solution data from Figure 4-14 added. Triangular markers:
dark-adapted state, 100% trans. Circular markers: UV-adapted state, 34% cis. Solid markers: with 2.5
wt% HMPAA; hollow markers: no polymer. Red markers: trans isomer. Blue markers: cis isomer. Results
of pseudophase separation model shown with trans data in azoTAB solution. Smoothed curves or linear
trendlines added to guide the eye on other series. Minimum azoTAB concentration is 0.5 mM, limited by the
sensitivity of the NMR experiment. Maximum azoTAB concentration in the UV-adapted state is again
limited due to the optical thickness of the samples, which prevents complete photoconversion from being
achieved throughout the sample. See text for discussion.
As illustrated in Figure 4-2, a larger array of possible sites must be considered for the azoTAB molecules
upon the addition of HMPAA. At low surfactant concentrations, little cooperative binding of azoTAB is
expected. Surfactant molecules will be either free in solution or individually bound to the polymer; this
binding may tend to occur in the vicinity of the hydrophobic side chains. Cooperative aggregation should
begin at the CAC, resulting in surfactant-rich micelles that incorporate some polymer side chains. As the
azoTAB concentration is increased, the number of these micelles will increase and an increasing
proportion of the surfactant will reside in the micelles. The azoTAB chemical shift observations in Figure
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4-15A for both dark- and UV- adapted states with 2.5wt% HMPAA are qualitatively consistent with some
of these expectations. The trans peaks in the dark-adapted samples (solid red triangles) and the cis peaks
in the UV-adapted samples (solid blue circles) both asymptotically approach some value corresponding to
the micellar state as the surfactant concentration is increased. This trend indicates an increasing extent of
micelle formation as the azoTAB concentration is increased.
It is noteworthy that there is no obvious breakpoint in either the dark or UV series, whereas one would be
expected if there were a sharp CAC within this concentration range. This is in marked contrast to the
well-defined CMC observed in the dark-adapted samples in Figure 4-14A. Based on the shape of the
curves, the CAC in either light condition is likely below the observed concentration range. However,
rheological measurements suggest that the dark-adapted and UV-adapted CACs are approximately 1 and
6 mM respectively [47] (see Figure 4-4). This difference between dark- and UV- state CACs was
interpreted to be the basis of the observed reversible gelation (illustrated in Figure 4-6). The chemical
shift and rheology experiments are possibly consistent in the dark-adapted state, as it was infeasible to
collect NMR data at sufficiently low concentrations to detect a CAC below 1 mM. The most dilute
concentration observed was 0.5 mM. It is also likely that NMR will report a lower CAC than viscosity
measurements, since a small population of micelles will strongly affect the observed chemical shift, but
may not provide enough cross-linking to affect the observed viscosity.
There is however an apparent discrepancy between the rheological and NMR experiments in the UV-
adapted state. The cis NMR peaks in the UV data (solid blue circles) follow much the same pattern as the
trans peaks in the dark (solid red triangles). This similarity implies that roughly equal amounts of
azoTAB are in micelles at any given concentration, regardless of the light condition. This is in contrast to
the understanding derived from the viscosity measurements, in which the cis-rich samples are much less
likely to form micelles than the trans-rich samples at concentrations between the two apparent CACs.
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Figure 4-16 Possible structures in azoTAB-HMPAA system, upon consideration of NMR, SANS and viscosity
results. Similar to Figure 4-6, but with amendments made for the UV-adapted state. Some sort of
aggregation occurs in the 1-6 mM range, without leading to a substantial increase in viscosity. From about 7
mM onwards, crosslinking becomes apparent in the rheology results. It is possible that the aggregates of cis
and the polymer side chains are small and weak, and on average provide less effective crosslinking than their
trans counterparts. In this case, a higher number density of micelles is necessary in the UV state to achieve
the same thickening effect observed in the dark state. It is also possible that the cis micelles grow in size as
the surfactant concentration is increased, thus leading to better crosslinking.
It is possible that some weak aggregates are formed in the UV state at some CAC below 1 mM, but that
these aggregates are not large or stable enough to provide effective cross-linking below 6 mM (see
structures suggested in Figure 4-16). This hypothesis would reconcile the NMR and viscosity data. The
weak cis micelle would be less likely to engage in elastically effective crosslinking than a trans micelle,
so a higher number density is required in order to get the same thickening effect. Alternately, the cis
micelles may grow as the surfactant concentration is increased, finally leading to a regime where they are
large enough to promote crosslinking. Recent SANS results add some confidence to these hypotheses
[50]. Guinier analysis was used to obtain an estimate of the micellar radius of gyration, as shown in
Figure 4-17A. The cis dominated micelles are smaller than the trans, though they appear to grow
somewhat as the surfactant concentration is increased. The extrapolated zero-angle scattering intensity is
shown in Figure 4-17B. This value should be proportional to the micellar volume density and the
micellar volume. These results indicate that while the cis-rich micelles are smaller than trans-rich
micelles, micelles do indeed form in the UV-adapted state from - 1 mM. This is apparent because the
scattering intensity rises smoothly with increasing surfactant concentration, with no apparent breakpoint
at any CAC. Although these results were initially reported as being consistent with the hypothesis of the
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different light conditions having different CACs, they appear to support the schematic proposed here in
Figure 4-16. The CAC is around or below 1 mM, regardless of the light condition. However, the
properties of the ensuing micelles are dependent on the isomer composition, and therefore the light
condition has a strong influence over the observed viscosity.
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Figure 4-17 SANS results of Lee et al [50], for azoTAB-HMPAA mixtures. HMPAA concentration is fixed at
2.5 wt%. Shown are the UV-adapted state, and a visible-adapted state. Dark-adapted data are not available.
The samples at higher concentrations (above 20 mM) may have a higher than expected trans content, due to
the difficulty in reaching a photostationary state in optically thick samples. A: The micellar radius of
gyration as found by Guinier analysis. B: The scattering intensity extrapolated to zero angle.
It should be noted that qualitative observations of the viscosity in the NMR tubes are consistent with the
corresponding quantitative viscosity measurements. These judgments were made by observing the time
required for a bubble to move through the material, and the time required for the material to creep down
an inverted tube. This gives further confidence that the measured differences in gelation between UV-
and dark-adapted states are real, despite the similarity in the chemical shift data.
Further insights can be gained by returning to Figure 4-15A. It does appear that the residual trans isomer
in the UV-adapted samples does not participate significantly in the cis-dominated micelles. This
segregation is implied by the very weak concentration dependence of the relevant chemical shift (red
solid circles). Given that the fully-extended length of trans azoTAB is longer than the cis, the trans form
would not be expected to pack well within cis micelles. However mixed micelles should be possible at
other isomer compositions, as demonstrated using surfactant-only solutions in Chapter 2.
Comparisons can also be made between the samples with and without polymer (see Figure 4-15B). At
low surfactant concentrations, the chemical shift in the absence of polymer (hollow markers) is that of
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free azoTAB monomers, 9m. . The azoTAB chemical shifts in the presence of polymer (solid markers)
do not approach ,5,,m as indicated by the arrows in Figure 4-15B. This divergence could be partially due
to some surfactant-rich micelles being present at the lowest measured concentration (0.5 mM), but it is
likely also due to some individual molecules binding non-cooperatively to the polymer instead of
remaining free in solution. The bound azoTAB would have some chemical shift3 b..,vI' while the free
molecules should exhibit the samegmon as observed in the absence of polymer. The cis chemical shifts
show less of this divergence than the trans, which may indicate that the more polar cis molecules are
more likely to remain free in solution than the trans. The asymptotic chemical shifts at high azoTAB
concentrations also differ between surfactant-only solution and surfactant-polymer mixture, indicating
that the micellar environment is somewhat different when HMPAA is present.
,,,Free
Bound
Micelle
(bound)
Figure 4-18 Different surfactant sites considered in the quantitative analysis presented here. Shown but not
labeled is a free micelle; these are neglected in this section.
Equation (4.2) can thus be extended to account for surfactant that is non-cooperatively bound to the
polymer:
8
ob, = Ymonmon + Yboundbound + Ymic.ic (4.9)
This equation was used to find the amount of azoTAB that is residing in the aggregates. Combined with
the aggregation number of the micelles, this information provides the number of cross-linking sites that
are available for gel network formation. All of the terms of Equation (4.9) were initially unknown. The
chemical shifts mon, Igbound and m,,, are specific to the observed proton and the chosen photostationary
state. Following the analysis of surfactant-only solutions, the micellar shift 8 mc for any given proton is
found through extrapolation to high concentrations:
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Figure 4-19 Chemical shift of an aromatic proton, 'C', plotted against inverse concentration. Linear
regression is used to extrapolate to high concentrations; mic is set equal to the intercept. Repeated for other
aromatic ring protons D, E, F and headgroup protons K (not shown). The chemical shifts of D and E coincide
in the dark-adapted state, while peaks C and F coincide in the cis in the UV-adapted state.
As a first approximation, micelles bound to the polymer and free micelles were assumed to have
equivalent values of 5,. Even if this assumption is poor, relatively few free micelles are expected over
this concentration range. The high concentration region of Figure 4-19 would be nonlinear if this
simplification were inappropriate.
An independent estimate of the degree of surfactant binding was obtained by comparing the surfactant
and polymer diffusivities (presented in the following section). In the dark photostationary state with
100% trans isomer, the amount of free surfactant is negligible and thus y,... was set to zero. At low
concentrations in the UV photostationary state (96-97% cis) , about 10% of the surfactant is free in
solution, so in this case ymon was set to 0.10.
With Equation (4.9) reduced to two terms for the dark-adapted state, only an estimate for 65bun was left
required to fully specify the system. Somewhat arbitrarily, the shift observed at 0.5 mM in the dark-
adapted data was chosen to represent 3bound for the trans. This selection in effect sets the dark-adapted
CAC to 0.5 mM, so some error will be introduced at lower concentrations if the true CAC is much
different from that. The choice appears reasonable because the observed shifts of the residual trans in the
UV state also approach this trans ,bond . Some dramatic shift in either trans series in the unobserved
lower concentrations would be required to introduce a strong error.
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The fraction of trans surfactant that is bound to the polymer but exists outside any micelle was therefore
found by rearranging Equation (4.9):
8 -8
Ymic - obs 
mic
m bound mic
(4.10)
The analysis of the UV data requires consideration of all three sites labeled in Figure 4-18. The free
surfactant chemical shift ,Smof was taken from dilute surfactant-only solutions. An estimate for (5bound was
then found by assuming there were no micelles at the lowest concentration (0.5 mM) and that 10% of cis
surfactants were free at that concentration. It was then possible to estimate the remaining site
populations, ymi, and Ybound
cis in UV A
trans in dark
dark: 100% trans
UV: 3-4% trans
HMPAA fixed, 2.5 wto/o
0 5 10 15 20 25
Total azoTAB concentration, mM Total azoTAB concentration, mM
Figure 4-20 Surfactant populations. All data measured at a constant polymer content of 2.5 wt%. A!
Fraction of azoTAB existing within micelles. Calculations are performed on data from the aromatic and the
headgroup protons. Error bars show the 95% confidence intervals based on the spread of results from the
different protons. Underlying assumptions add further uncertainty, especially for the UV state; see text. B:
Concentrations of azoTAB as free monomer, bound monomer and in micelles. Dark samples are 100% trans
while UV samples are 96-97% cis. The residual trans in the UV samples is not included in either plot.
Curves are drawn to guide the eye.
The calculated surfactant populations are shown in Figure 4-20. These should be taken as semi-
quantitative, due to the number of assumptions therein. In the dark-adapted state, the concentration of
non-micellar trans surfactant remains in the range of 1-2 mM once the total azoTAB concentration
exceeds 2 mM. This region of relatively constant monomer concentration is familiar from more
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traditional micellar systems. It is also apparent that cis azoTAB in the UV samples and trans in the dark
are similar in their propensity to form some sort of aggregate. However as discussed above, there are
many indications that the crosslinking ability of these aggregates differ. Some of the other features of the
UV-state curves may be artifacts of the method taken; the application of a constant free surfactant
percentage of 10% may have led to unrealistic results.
4.4.3. Polymer chemical shifts
4.4.3.1. Polymer solutions
The hydrophobically-modified polymer also takes part in the self-assembly of aggregates; this interaction
is necessary for cross-linking to take place. Like the surfactant chemical shift, the 'H shift of the
hydrophobic grafts should also reflect the multiple sites pictured in Figure 4-2. The grafts can be
involved in intra- or inter polymer associations, they can form mixed micelles with azoTAB, and they can
be entirely unassociated. Surfactant monomers can also bind to the polymer near the grafts without any
cooperative aggregate formation.
Inter-polymer associations become more pronounced as the concentration of the amphiphilic polymer is
increased, even in the absence of surfactant. 'H NMR spectra of HMPAA solutions should therefore
show some concentration dependence. No concentration dependence is seen for the backbone polymer
peaks; the polymer backbone is not expected to participate directly in aggregate formation so this is as
expected. A weak trend in the side chain chemical shifts is observed in Figure 4-21, and no additional
peaks are apparent as the polymer concentration is increased. This behavior is consistent with fast
exchange of side chains into and out of aggregates. These measurements are only reproducible within +/-
0.002 ppm, so the trend is barely strong enough to be observed. Since the chemical shift of the associated
side chain cannot be found from these data, Equation (4.2) cannot be used to estimate the free and
aggregated fractions. Previous publications indicated slow exchange in similar measurements [68, 92],
but these used 19F NMR instead of 1H. Chemical shifts in fluorine NMR are more sensitive to
environment changes than in proton NMR [93], so the difference in frequency between free and
associated forms will be larger in fluorine NMR. According to Equation (4.1) , the NMR time scale will
then be smaller in '9F NMR than in 'H NMR. Therefore the same chemical exchange can be slow in one
NMR experiment, and fast in another. This result shows why similar experiments are often performed on
fluoropolymers using fluorine NMR, as it is easy to calculate the population of grafts in different sites by
integrating well-separated peaks. Fluorination was avoided in this work, as it alters the aggregation
processes that are being examined.
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Figure 4-21 Chemical shifts of HMPAA hydrophobe, terminal methyl group. Change in shift with polymer
concentration is indicative of interpolymer association. Hollow and solid markers: HMPAA with 3 and 5%
of repeat units modified, respectively.
4.4.3.2. Polymer-surfactant mixtures
Upon the addition of surfactant, there are several distinct environments in which the hydrophobic side
chains may be found, as illustrated in Figure 4-22.
Free Self Bound azoTAB Micelle
Figure 4-22 Possible sites for hydrophobic side chains (in red) in solutions with or without surfactant (green).
"Free" denotes side chains that have not formed any sort of aggregate or complex. "Self" denotes side chains
that have formed loose aggregates with other side chains; these aggregates may be intra- or intermolecular.
The chemical shift data of Figure 4-21 reflect exchange between "free" and "self" sites. "Bound" refers to
side chains located where surfactant has non-cooperatively bound to the polymer; this binding may take
place where there were already "self" aggregation sites. "Micelle" denotes side chains incorporated in well-
developed surfactant micelles.
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If NMR were sensitive to the differences between these sites, then the side chain peaks would either shift
(fast exchange), or entirely new peaks could be observed (slow exchange). Representative spectra in the
dark adapted state are given in Figure 4-23.
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Figure 4-23 Portion of 1H spectra of HMPAA-azoTAB gels in dark-adapted state. HMPAA is fixed at 2.5 wt
%. Concentrations of azoTAB: 0 mM (red), 0.5 mM (gold), 3 mM (light green), 5 mM (green), 7 mM (light
blue), 10 mM (dark blue), 20 mM (purple). Spectra are normalized such that HMPAA CH peaks are of equal
intensity. Broad upfield peak is attributed to HMPAA grafts solubilised by azoTAB micelles, or associated
with non-cooperatively bound azoTAB. The previously observed peaks for the grafted chains are labeled as
'free', but can also correspond to side chains aggregating primarily with each other.
The intensity of the azoTAB peak increases with the azoTAB concentration, as expected. The azoTAB
peak also moves upfield, in accord with the other azoTAB peaks as shown in Figure 4-13B. These
observations are consistent with fast exchange of the surfactant between the monomer and micellar states.
The HMPAA hydrophobic groups show a different behavior. The peak positions do not appear to move,
but the intensity of the graft CH2 peak is greatly reduced with increasing azoTAB concentration. The
missing peak area is likely appearing in the broad signal that appears between 1.1 and 0.4 ppm,
overlapping with the graft CH3 peak and the azoTAB peak. This broad signal may correspond to polymer
grafts participating in azoTAB micelles, or are otherwise associated with bound azoTAB ("bound" in
Figure 4-22). The original well-defined side chain peaks are attributed to unassociated HMPAA grafts or
grafts aggregating loosely with each other ("free" or "self"). As the new surfactant-related peak is
distinct from the original one, the exchange of side-chains into and out of the surfactant micelles is slow
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compared to the NMR time scale. There should also be a reduction in the area of the graft CH 3 peak, but
this is not as readily apparent because that peak overlaps with the broad micelle peak. The broad peak
itself drifts upfield with increasing azoTAB concentration; this movement may be an indication that
several different micellar environments are present, or of some balance between the "bound" and
"micelle" sites. The spectrum in Figure 4-23 is qualitatively similar to that reported in the literature for
another polymer-surfactant system ( Figure 4-7), with the exception that the spectrum from this work does
not show an obviously separate peak for side chain-dominated micelles.
It is noteworthy that the exchange of polymer side chains into and out of aggregates composed of side
chains occurs more quickly than exchange into surfactant-rich micelles. In the absence of surfactant, the
polymer side chains are unable to form aggregates that are as stable as surfactant micelles.
The fraction of hydrophobic grafts associated with azoTAB can be estimated from the reduction of the
area of the graft CH2 peak at 1.26 ppm in comparison to a sample without azoTAB. To allow this
calculation, the spectra are first normalized (as seen in Figure 4-23) such that the polymer backbone CH
peaks have the same absolute integrated area in each spectrum. The CH peak is chosen as the reference
because it is apparently unaffected by the addition of azoTAB. The results for both dark-adapted and
UV-adapted HMPAA-azoTAB mixtures are given in Figure 4-24. Just as the azoTAB appeared roughly
equally likely to form micelles under either light condition, the polymer side chains are equally likely to
associate with azoTAB regardless of the light condition.
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Figure 4-24 Fraction of polymer side chains that are incorporated in surfactant-rich micelles, or are
otherwise associated with azoTAB molecules. Measurement at 20 mM in UV-adapted state is not possible
due to the difficulty in reaching photostationary state at the thick optical density of that sample.
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Despite this similarity between dark- and UV-adapted states, the spectra under the different light
conditions have strong qualitative differences.
A omM 100% B graft CH2 (free) 3-4%graft CH2 (free) trans / trans
10 mM
trans graft CH3 (free) cis graft CH3 (free)
azoTAB azoTAB
10MI/ graftinmicelles / / graft in micelles
Om
1.30 0.95 0.60 1.30 0.95 0.60
1H (ppm) 1H (ppm)
Figure 4-25 Portion of 1H spectra of HMPAA-azoTAB gels in dark-adapted (A) and UV-adapted (B) states.
HMPAA is fixed at 2.5 wt %. Concentrations of azoTAB: 0 mM (red), 0.5 mM (gold), 3 mM (light green), 5
mM (light blue), 7 mM (purple), 10 mM (light purple). Spectra normalized so that HMPAA CH peaks are of
equal intensity. Terminal methyl azoTAB peak ('A') is visible, in addition to polymer side chain peaks.
Well-defined polymer peaks that are present at 0 mM are assigned to un-aggregated (free) or loosely self-
aggregated side chains (sell). As surfactant concentration is increased, area is shifted from these well-defined
peaks to broad peaks lying upfield, attributed to side chains incorporated in surfactant micelles or otherwise
associated with bound surfactants. These broad peaks are different in position and appearance between the
dark- and UV-adapted states, suggesting some difference in environment.
In both photostationary states, the area of the free side chain CH2 peak decreases as the azoTAB
concentration is raised. This area is shifted to very broad peaks that lie upfield, corresponding to side
chains located in micelles. The free graft methyl peak is also reduced, but less noticeably due to the
overlap with the broad peaks. However the characteristics of the broad peaks are strongly dependent on
the light condition. In the dark-adapted state, the micellar peak is spread out between 1.1 and 0.4 ppm,
whereas in the UV-state there appear to be two sets of somewhat narrower peaks. These differences
between dark and UV spectra may reflect a different balance between the "bound" and "micelle" sites.
The differences in peak width could also be related to relaxation effects. NMR line broadening occurs
when the relaxation rate is high, which in turn occurs when molecules are relatively immobilized in close
proximity to each other. This is because relaxation takes place through internuclear interactions; these
interactions are more likely to take place when the molecules have close neighbors. Increased line
broadening in the dark-adapted samples would indicate that the trans-rich micelles are more stable
aggregates than the cis-rich micelles found in the UV state. This difference in stability would again be
consistent with the idea that cis-rich micelles may indeed form and solubilise the polymer side chains, but
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are not very effective crosslinkers with regards to rheological properties. These results are analysed
further in the Discussion section.
4.4.4. Polymer diffusivity
4.4.4.1. General approach and results for unmodified polymer
The nature of the polymer network can also be characterized by measuring the polymer diffusivity under
different conditions. This appears to be an underappreciated method for studying thickening or gelation
in polymer-surfactant systems, though not it is not unprecedented [94]. The observed diffusivity should
be a function of the size of the polymer coils or clusters. Clusters can form as a result of entanglements or
crosslinking via the hydrophobic side groups and surfactant micelles. At any given combination of
polymer and surfactant concentration, there will be some distribution of cluster sizes and correspondingly,
a distribution of diffusivities. As the degree of crosslinking increases, larger and larger clusters will
appear within this distribution, such that the observed diffusivities would be expected to decrease.
The diffusion coefficient can be related to the hydrodynamic radius of the polymer or cluster though the
Stokes-Einstein equation:
k T
where kb is the Boltzmann constant, q is the solvent viscosity and D is the measured diffusivity. This
relation is valid for a spherical particle that is larger than the surrounding solvent molecules, and is at
infinite dilution. Deviations are expected due to interpolymer interactions at higher concentrations, as
well as polymer-solvent interactions that might swell the polymer [95] and intra-polymer aggregation that
could contract it. The hydrodynamic radius will be similar in magnitude to the radius of gyration; for
NaPAA in dilute solution it was empirically found that [96]
R
-- = 0.68 (4.12)
RG
which is comparable to theoretical predictions for linear polymers in a theta solvent [97-100]. A
hydrodynamic radius can always be calculated using the Stokes-Einstein equation, but it would not
always have a clear relationship to the radius of gyration like that given in Equation (4.12).
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When multiple components appearing at the same NMR chemical shift have different diffusivities, the
exchange rate of nuclei between the various components becomes relevant. If this exchange rate is fast
compared to the diffusion time in the experiment, then the resulting Stejksal-Tanner plot is linear and a
number-averaged diffusivity is observed (Equation (4.6)). If the observed nuclei do not exchange
between components of different diffusivities during the time scale of the experiment, the Stejksal-Tanner
plot will exhibit curvature as per Equation (4.7). Such a curvature was observed for the PAA and
HMPAA used in this work (see example in Figure 4-26). The various diffusion coefficients can be
extracted from the data though the use of Equation (4.8). To avoid overfitting, the analysis was done for
only two modes of diffusion, one fast and one slow. In general, the fast mode could correspond to
individual polymer coils, while the slow mode would be related to large crosslinked clusters. However, a
successful fit of two diffusivities to the data does not necessarily mean that there is a strictly bimodal
distribution of diffusivities. Also, crosslinking is not required for a distribution of diffusivities to be
observed; the polydispersity of the original polymer and entanglements will also lead to a variety of
diffusion modes.
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Figure 4-26 Stejskal-Tanner plot for 2.5 wt% NaPAA in deuterium oxide. Broken line is the fit to the 2
component diffusion model. Data are from the CH peak. S is 5 ms. Circles, A is 505.2 ms. Squares, A is
2505.2 ms. The curvature of the plot signifies multiple diffusion coefficients. At high vales of k, the signal
due to the faster components becomes negligible and the plot becomes linear. The slope of the linear section
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can be taken as the slow component diffusivity. The spin echo intensities can be considered arbitrary units,
so the curves have been adjusted vertically along the ordinate such that their magnitudes overlap. This
adjustment does not impact the slopes. See text.
To allow reliable fitting of multiple components through Equation (4.8), the data must span a wide range
of q 2 A- values (hereafter referred to as 'k'). This is easily possible using NMR probes
3 2)
specially purposed for diffusion studies; these can generate magnetic field gradients as large as 9 T/m
[94]. Such a probe was not available for this work; the majority of experiments were done on a probe
only capable of generating gradients up to 0.55 T/m. This instrument then failed and the experiments
were completed with a maximum gradient of 0.34 T/m. In order to access the high k region by using
these weak gradients (qis proportional to the gradient strength), diffusion times A as long as 2.5 or 3
seconds were required. These times are longer than what is generally used in NMR diffusion studies (100
to 500 ms), so experiments were also done at shorter times to judge whether the observed diffusivity was
a function of the diffusion time. If the diffusion were hindered by certain physical barriers within a
heterogeneous field, then the diffusivity would be dependent on the time allowed for motion. For
example, a particle that is allowed to move freely within a box would have an apparent diffusivity that
decreases as the observation time is increased. The true diffusivity would only be observed at short times
when the particle would not be expected to encounter the boundaries imposed by the box.
A Stejskal-Tanner plot for NaPAA is presented in Figure 4-26, using diffusion times of both 0.5052 s and
2.502 s. The curvature in the plot is apparent in either case, and the trajectory of the two curves agree
well over the span of k they have in common. This agreement suggests that the observed diffusivities are
not strong functions of the diffusion time, so there should be little bias caused by using the longer times.
It is also clear that additional information is collected through the use of the longer diffusion time; as
discussed below the linear portion of the data at high k is required for accurately estimating the slow
diffusivities.
It should be noted that this plot has curvature, despite NaPAA lacking any hydrophobic side chains. The
slower components of NaPAA therefore cannot be attributed to a physically crosslinked cluster. In this
case, a distribution of diffusivities may be expected due to the polydispersity of the polymer. The slower
components may be due to the larger coils, as well as entangled coils. The weight fraction used here (2.5
wt%) is estimated to be somewhat above the overlap concentration, so some entanglements are expected
in this semi-dilute solution. The combined effects of polymer polydispersity and mild entanglements
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would not necessarily be expected to result in a bimodal distribution of diffusion coefficients, so in this
case the 2-component fit may not be entirely appropriate.
Nilsson et al attempted to account for such polydispersity by assuming a log normal distribution of
polymer diffusivities and then also fitting the width of the distribution [94]. Hansen et al fit three
diffusivities to the data, with the fast and medium modes bounding the effects of polydispersity and the
slow mode corresponding to the growing polymer network (though the authors did not explicitly make the
latter connection) [65]. Hansen followed that analysis by replacing the fast and medium modes with a
Raleigh distribution, in which the median diffusivity and the width of the distribution were fit. It is felt
here that fitting yet another parameter from these data, whether a third diffusivity or the width of some
distribution, is not strongly justified and would result in overfitting. It is also difficult to know what
shape distribution is most appropriate for the faster modes. Some indication of the effect due to
polydispersity could be had from DLS measurements in dilute solution, but that distribution would not be
expected to hold as entanglements and crosslinking occur at higher polymer concentrations and as
surfactant is added.
At high values of k in Figure 4-26, the signal due to the fast component becomes negligible, and the
remaining linear section represents the slow component. Simply finding the slope in this region would
yield the value of the slow diffusivity. In this case, this is 1.88* 10-2 m2/s, with 95% confidence intervals
of +/- 1.49 *10~' m2/s. This value could then be fixed when fitting the fast diffusivity by using Equation
(4.8). Alternately, both diffusivities could be fit. Results of this optimization are given in Table 4-1,
obtained through multiple methods.
Table 4-1 Fast and slow components of diffusion for NaPAA, 2.5 wt%. Results of different fitting
methodologies are shown. Values are fit from bi-exponential data, unless denoted as 'fixed'. Fixed values are
obtained directly from the linear portion of curve in Figure 4-26.
Diffusion 505.2 505.2 2505.2 2505.2 Combined data Combined data
time, ms
Fast, m'/s 1.70*10-" 1.28*10-" 1.27*10~" 1.14*10~" 1.52*10 1.26*10-"
Slow, m2/s 2.59*10' 1.88*10~1 1.94*10-' 1.88*10- 1.95*10~' 1.88*10-
(fixed) (fixed) (fixed)
Either of the curves measured at different diffusion times can be analysed independently, or the two
curves can be combined into a single series and then processed. As might be expected, the slow
component cannot be accurately found by using the shorter diffusion time data alone. This finding
underlines the necessity for using long diffusion times. The other best fit values in Table 4-1 for the slow
component are within the margin of error of the value found by calculating the slope of the linear portion
of the curve in Figure 4-26.
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There is some scatter among the fitted diffusivities of the fast component. Given the relative magnitudes
and prevalence of the fast and slow modes, it was found through use of synthetic data that it is necessarily
more difficult to extract accurate values for the fast mode. As a result of these factors, an uncertainty of
at least 20-30% can be expected to apply to the fast mode diffusivity. The physical significance of the
magnitude of the fast diffusivity is discussed in the following section.
Analysis on all other samples was done by combining all the data measured at different diffusion times,
and then fitting both modes (as in the second-to-last column in Table 4-1). This method was chosen
because it maximizes the range of 'k' used in the fit. Combining different spin echo intensity curves
requires the scaling of each curve by some factor, such that they all overlay on each other. The effect of
this adjustment is merely to shift the curves vertically on the Stejskal-Tanner plot; the slopes are
unaffected. It is unclear whether this method has been previously reported in the literature, so any
limitations must be considered. The method would be invalid if there were resricted diffusion causing
different apparent diffusivities to be observed at different diffusion times; this would cause the shapes of
the curves to be dependent on the diffusion time. As discussed above, this possibility is discounted
because the curves actually do overlay fairly well. Another requirement for combining the data in this
manner can be derived from Equation (4.7). The curves measured at different diffusion times can only be
expected to overlay well on each other if the nuclear relaxation rates of fast and slow component are
equivalent. The peak linewidths in the spin echo spectrum provide some qualitative indication of the
spin-spin relaxation time T2, and these linewidths do not change as the signal due to the fast component
decays away, leaving behind only the slow component. However it is difficult to assess whether the spin-
lattice relaxation time T, varies among the fast and slow components. Because of these limitations, the
other methods of estimating diffusivities were also monitored, to ensure they were broadly consistent with
that reported here.
4.4.4.2. Comparison of modified and unmodified polymer
The physical relevance of the fitted diffusivities is clarified somewhat by comparing the unmodified
polymer NaPAA to the modified HMPAA:
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Figure 4-27 Stejskal-Tanner curves for 2.5 wt% NaPAA, 2.5 wt% HMPAA and 0.5 wt% HMPAA. 2.5 wt%
is semidilute, while 0.5 wt% is dilute. Lines denote best fit to 2-component model. Diffusion times used: 505
and 1005 ms for HMPAA samples; 505 and 2505 ms for PAA samples. Poor signal/noise at the lower
concentration precluded measurements at higher k values. Observation of 2.5 wt% HMPAA at higher k
would have been desirable, but was prevented by failure of the instrument.
The spin echo attenuation curve for 2.5 wt% HMPAA is very similar to that of 2.5 wt% NaPAA. This
indicates that the diffusion coefficients in either sample are similar, despite the fact that HMPAA is able
to aggregate via its hydrophobic side chains and NaPAA is not. In contrast, the diffusion of 0.5 wt%
HMPAA is markedly faster, and the decay curve is approaching linearity. The latter concentration is
below the estimated overlap concentration, so fewer entanglements are expected.
These results suggest that at 2.5 wt%, there is insufficient interpolymer crosslinking in the modified
polymer to create polymer clusters larger than what already effectively results from simple
entanglements. Also, much of the slow diffusion component in the 2.5 wt% samples can be attributed to
entanglements, as opposed to larger coils from the originally polydisperse polymer.
In samples shown above, the fast diffusivity was on the order of 1*10~" m2/s to 2*1011 m2/s. This range
corresponds to hydrodynamic radii of 10-20 nm, or using Equation (4.12), radii of gyration between 15
and 30 nm. These values are consistent with the hydrodynamic radius obtained from dynamic light
scattering on dilute polymer samples, 17 nm. An extrapolation from literature values for NaPAA yields
an expected hydrodynamic radius of 18 nm [96], also consistent with the estimates here. The
extrapolation was based on the hydrodynamic radius scaling with molecular weight as Rh ~MW05 6, as
determined from the data given by the source. The fast component is thus attributed to individual
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polymer coils; the broad range in the calculated fast diffusivities is due to both polydispersity and the
difficulty in isolating the fast component contribution to the spin echo data.
4.4.4.3. HMPAA-azoTAB mixtures: HMPAA
Interaction with trans azoTAB has dramatic effects on the observed HMPAA diffusivities, as seen in
dark-adapted samples, Figure 4-28:
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Figure 4-28 Stejskal-Tanner plots for HMPAA backbone CH group, in mixtures with azoTAB in deuterium
oxide. Faster decay of the spin echo indicates faster diffusion. All samples are in the dark-adapted state, so
azoTAB is 100% trans. HMPAA concentration is fixed at 2.5 wt%. azoTAB concentration varies as labeled
in the plot. Data points for 0 mM (no azoTAB) are entirely obscured by 0.5 mM azoTAB series. Lines are
drawn for best-fit results of the two-component model. Data are collected at 5 of 5 ms and a variety of
diffusion times ranging from 0.5 s to 3 s; data from different diffusion times are combined as described in
previous section.
As in the previous section, there will be some distribution of polymer diffusivities in these samples with
azoTAB. At 0 mM azoTAB, it was determined that this distribution is due to the presence of both
entangled and free polymer coils, as well as the polydispersity of the original polymer. There appears to
be little change from this configuration at the lowest observed azoTAB concentration, 0.5 mM. Even if
azoTAB is aggregating into micelles at 0.5 mM, there would be too few of them at this concentration for
there to be much crosslinking. As the azoTAB concentration is raised above 0.5 mM, there is a marked
decline in the observed diffusivities. In this range, the formation of micelles leads to crosslinked clusters
of polymers; the sizes of these clusters increase as the number density of the micelles increases.
For a quantitative analysis of these data, Equation (4.8) is again used to determine two diffusivities
representative of the variety of clusters in the samples. It would be ideal if data could be collected at
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higher k values in order to better constrain the slower components, but the available NMR probe was
limiting in this respect. However, the differences between the different decay curves in Figure 4-28 are
stark enough that the resulting trends should be reliable, even if there is some uncertainty in the
magnitude of the slow component.
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Figure 4-29 Best fit values of polymer diffusivities in dark-adapted HMPAA-azoTAB mixtures, using 2-
component model. Fast mode corresponds to individual polymer coils and small clusters. Slow mode is
attributed to large well crosslinked polymer clusters. Solid markers: signal from polymer backbone CH
groups. Hollow: signal from terminal methyl group of hydrophobic side chains. Smoothed lines drawn to
guide the eye. HMPAA fixed at 2.5 wt%.
Upon fitting the two diffusion coefficients (Figure 4-29), the fast component remains within the range of
1*10~11 m2/s to 2*10" m2/s obtained in the absence of any surfactant. This diffusion mode is thus still
identified with individual polymer coils of various sizes and smaller clusters, based on the expected
hydrodynamic radius of those forms. The slow component however responds strongly to the addition of
surfactant, and the shape of this concentration dependence is strongly reminiscent of the corresponding
chemical shift data of trans azoTAB in dark-adapted mixtures (Figure 4-15). Taken together, the
surfactant chemical shift and polymer diffusivity data indicate a CAC somewhere below 1 mM, with
crosslinking micelles forming as the azoTAB concentration is increased. These results are also consistent
with the viscosity measurements of Figure 4-4. The viscosity data also show a maximum around 15 mM
in the dark-adapted state; the slow diffusion coefficients exhibit a corresponding minimum which is made
more apparent in a later figure.
The minimum slow diffusivity was found to be about 3.9* 10 13 m2/s, from 10 mM to 14 mM. While the
Stokes Einstein equation may not be entirely applicable in this regime, it can be used to give an effective
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hydrodynamic radius. This radius is about 500 nm, and presumably the actual dimensions of the cluster
are commensurately large. This is well larger than an individual polymer coil, and it approaches
macroscopic dimensions. Such dimensions are an indication that a gel, defined as a crosslinked network
with macroscopic dimensions, is formed in these mixtures.
The diffusion coefficients have thus far been interpreted as describing the translation of a polymer coil or
cluster, moving as a single unit. Rotations and undulations through which one part of a polymer moves
relative to another section have been neglected. This assumption was assessed by consideration of the
translational distances being observed. Using v2D as the length scale of the movement with a
diffusion time A of 2.5 seconds, the minimum diffusivity corresponds to motion of about 1.4 microns.
This distance is over twice the effective hydrodynamic radius of those largest clusters. The fast
diffusivities correspond to diffusion lengths of 5 microns. The fast mode can certainly be ascribed to pure
translation. The slow mode is also mainly translational in nature, but other motions may also be relevant
in the most highly crosslinked samples. The diffusivities of both the polymer backbone and the side
chains were given in Figure 4-29, and the side chain slow mode diffusivities tend to be lower than those
of the backbone. This effect is stronger in the more strongly gelled samples, 10 mM and above (see
Table 4-2). It is possible that the side chains appear to diffuse more slowly because they are somewhat
anchored in the intermolecular crosslinks.
Table 4-2 Slow mode diffusion coefficients of HMPAA, in dark-adapted samples. Data at 14 mM was too
noisy to allow analysis of the side chain signal.
[azoTAB], mM Slow diffusion coefficient Slow diffusion coefficient Ratio of D, side
Backbone CH , m2/s Side chain CH3 , m2/s chain/backbone
0 2.44E-12 2.3E-12 0.94
0.5 1.94E-12 1.75E-12 0.90
1 1.LE-12 1.15E-12 1.05
3 7.66E-13 6.95E-13 0.91
5 4.56E-13 3.87E-13 0.85
10 3.87E-13 2.88E-13 0.74
14 3.95E-13
20 4.67E-13 3.48E-13 0.74
There are fewer polymer diffusivity measurements available in the UV-adapted state, but it is apparent
that smaller clusters are present in the UV state, as indicated by the faster diffusion coefficients:
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Figure 4-30 Stejskal-Tanner plots for HMPAA backbone groups in mixtures with azoTAB in deuterium
oxide, in dark-adapted (red) and UV-adapted (blue) conditions. azoTAB concentrations: 5 mM (hollow
markers) and 10 mM (solid markers). Polymer concentration is fixed at 2.5 wt%. Black squares: HMPAA
without azoTAB. Lines are the results of fitting to the two component model. Faster decay indicates higher
diffusion coefficients.
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Figure 4-31 Polymer diffusivity and viscosity of HMPAA-azoTAB mixtures at different azoTAB
concentrations and in both the dark- and UV-adapted states. HMPAA fixed at 2.5 wt%. A: Fitted diffusion
coefficients using two component model, calculated using CH groups of HMPAA backbone. Solid markers:
dark-adapted state. Hollow markers: UV-adapted state. B: Hollow markers: corresponding low-shear
viscosity measurements, of Lee et al [471. Solid markers: the effective hydrodynamic radius calculated from
the slow diffusion mode, plotted on secondary ordinate. All lines drawn only to guide the eye.
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The spin echo signals decay faster in the UV state than in the dark-adapted state for any given azoTAB
concentration (Figure 4-30). On applying the two-component model, the slow component diffusivities
are clearly faster in the UV state (Figure 4-31A). The differences between the light conditions are
consistent with those seen in the viscosity measurements. The Stokes-Einstein equation was used to
calculate the effective hydrodynamic radius for the slow diffusion mode. This radius scales with
concentration similarly as the logarithm of viscosity, though the radius goes through a maximum
somewhat earlier than the viscosity (Figure 4-31B). This relationship provides a bridge between
macroscopic dynamic measurements like viscosity and the molecular level information provided by
NMR. These results also confirm that photo-reversible gelation can occur at the appropriate
concentrations of azoTAB.
In addition to the diffusion coefficients themselves, fitting the experimental data against Equation (4.8)
also yields the fraction of polymer chains within each diffusion mode. This calculation is only valid if the
nuclear relaxation times T2 and especially T are the same for both the fast and slow diffusing polymer
components. As discussed above, assuming this equivalence appears to be reasonable.
0.7
0.6 uv
-) - Backbone
0 0.5 0
E
0.4 0
c 0.3
0 Dark
o 0.2 Side chain
0.1
0
0 5 10 15 20 25
Total azoTAB concentration, mM
Figure 4-32 Proportion of polymer chains existing in the fast diffusion mode. Dark-adapted state shown in
solid red markers. UV in hollow blue. Polymer backbone denoted by squares; side chains by circles.
Interpretation is ambiguous, see text. Smoothed curves drawn to guide the eye.
In the dark-adapted state, the fraction of polymer existing in the slow mode (larger crosslinked clusters)
generally increases as the azoTAB concentration is increased. This result is expected, as more of the
polymer coils should participate in the formation of networks as the crosslink density is increased. These
values however lack strong quantitative physical meaning. A strict bimodal size distribution of polymer
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clusters is not expected; the analysis was only done in this way for convenience. The physical nature of
what is identified here as the slow component is also changing over the observed concentration range.
When few crosslinking micelles are present, the slow component might be identified with entangled
polymers. As the number density of micelles increases, the slow component becomes more strongly
related with crosslinked clusters.
Previous workers have partially addressed this issue by allowing a log-normal distribution of diffusivities
for the fast component, and a single diffusivity for the slow component [94]. It is felt that this adds
complexity without necessarily better approaching physical reality, and that any assumptions about the
shape of the size distributions should come from independent measurements or theory. Such an
exploration was outside the scope of this work, so these population fractions should be taken as
qualitative, at best.
4.4.4.4. HMPAA-azoTAB mixtures: azoTAB
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Polymer, slow mode
I U
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azoTAB concentration, mM
Figure 4-33 Diffusion coefficients of both azoTAB and HMPAA in mixtures of 2.5 wt% HMPAA and varying
azoTAB concentration, in the dark-adapted state.
The diffusion of the surfactant also can be followed to provide insight on the nature of the surfactant-
polymer mixture. The variety of possible sites for the surfactant in Figure 4-2 must again be considered.
The surfactant may be found free in solution, bound non-cooperatively to the polymer, in free micelles, or
micelles bound to the polymer. Further, the diffusion coefficient of the bound surfactant would depend
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on the size of the polymer cluster to which it was attached. To reduce the number of possible sites
somewhat, in can be assumed that it is irrelevant whether a polymer-bound surfactant is in a micelle or
not; its diffusivity will be set by the size of the associated polymer cluster.
The Stejskal-Tanner plots for azoTAB were linear, as expected given that it was already determined that
the exchange of surfactant between the various sites is fast. The measured diffusivity (see Figure 4-33 for
dark-adapted samples) is thus a population-weighted average of the diffusivity of each site, per Equation
(4.6). With the assumptions being made here, this average can be expressed as
D,, = Yfe,Dfree + YmicDmic + yDidD (4.13)
where D O, is the measured diffusivity, Yfree is the fraction of surfactant free in solution, ymL is the
fraction of surfactant in free micelles, Dfree is the diffusivity of the free surfactant and Dmi, the diffusivity
of free micelles. The integral is written for the surfactant bound to the polymer, with the index ireferring
to each value within the distribution of polymer diffusivities.
Given that no attempt is being made to describe that polymer distribution in a rigorous way, the bound
surfactant term can be rewritten in terms of the two-component assumption for the polymer.
Do, = YfreeDfree + YmwDmic + (1 - Yre - y) [ffa,D,,,+ f slD) (4.14)
where and f,,, are the fraction of polymer in the fast and slow modes, and Dfa,, and D, are the
corresponding polymer diffusion coefficients. The polymer fractions will not be entirely physically
realistic due to the reasons given in the previous section.
The diffusion coefficient of free surfactant was measured in Chapter 3 to be 4.2*1010 m2/s. This was
measured for dilute azoTAB in aqueous solution, and is denoted D.. However even free surfactant in
polymer solutions will have diffusion more restricted than this, due to obstruction effects or increased
drag (see Solute diffusion section for further discussion). A molecule with the size of azoTAB can be
expected to have its diffusivity reduced to about 0.7Do due to the 2.5 wt% polymer around it. The free
surfactant diffusivity is thus taken to be 2.9* 1010 m2/s. Likewise the diffusivity of a micelle was found to
be 3.66*10~" m2/s, and the reduction factor D / Do is estimated to be about 0.55. This results in a value
of 2*10~" m2/s for Dm , which is indistinguishable from Dfat. Free micelles are anyway only expected
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to exist in significant numbers at high surfactant concentrations, beyond the maximum in viscosity, so the
free micellar term shall be neglected. As a result, the working expression for the surfactant diffusivity is
Dobs - YfreeDfree +(1 -Yfree)[ ffastDfas + fs10 Ds, 0 ] (4.15)
The free surfactant diffusion coefficient Dfree is an order of magnitude higher than Dfst and at least two
orders higher than Ds,0 4 . An upper limit for Yfree can thus be calculated by assuming that the polymer-
bound terms are negligible. This upper bound is 1-2% throughout the concentration range observed in the
dark-adapted state, so it is apparent that very little trans surfactant will exist free of the polymer. The
variation in azoTAB diffusivity in Figure 4-33 is dominated by the changing size distribution of the
polymer.
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Figure 4-34 Diffusion coefficients of both surfactant and polymer, in both dark- and UV-adapted states. See
figure for labels, and text for discussion. Smoothed curves drawn to guide the eye.
The corresponding data for the UV-adapted state are markedly different. The observed diffusivity for cis
azoTAB is greater than either polymer mode. For this to be possible, some fraction of surfactant must be
free in solution. The upper bound for the fraction of free cis surfactants is calculated to be about 12%.
However the residual trans surfactant in the UV state remains almost entirely attached to the HMPAA, as
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it was in the dark state. This difference in the propensity of trans and cis to bind to the polymer was
previously inferred from the chemical shift data in Figure 4-15; it is now independently confirmed.
The difference in trans azoTAB diffusivity between the dark- and UV- adapted states is yet another
indicator of the difference in gelation extent between the two photostationary states.
4.5 Kinetics
4.5.1. Average rate of conversion
The gelation process consists of multiple steps, including the light-initiated isomerisation of azoTAB and
the resulting formation or dissolution of crosslinking micelles. The extent of the isomerisation reaction
can be directly monitored using 1H NMR. The spectra consist of distinct peaks for the trans and cis
isomers of azoTAB (Figure 2-7); the areas of these peaks can be integrated to provide the isomer
composition. Meanwhile the concentration of azoTAB existing inside or outside of micelles can be
estimated by following the positions of those 'H peaks as they move upfield or downfield in accordance
with Equation (4.9).
The kinetic rate of conversion due to UV irradiation was measured for 5 mM azoTAB samples, both with
and without 2.5 wt% HMPAA. Additionally, the experiment with only surfactant in solution was
repeated with and without manual agitation between irradiation intervals. When there was evidence of
composition gradients (discussed below) the average composition in the sample volume was calculated
for each time.
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Figure 4-35 Photoreaction trajectory for 5 mM azoTAB samples under UV irradiation. Samples were
initially in the dark-adapted state. Sample with 2.5 wt% HMPAA, hollow circles. Surfactant-only solutions
denoted by squares; with mixing (solid) and without mixing (hollow). The given composition is averaged over
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the entire sample volume, in the case of composition gradients. Irradiance was 4.73 mW/cm 2 for the
experiments with polymer and the unmixed surfactant solution, and 4.59 mW/cm 2 for the well-mixed sample.
This difference in intensity should have negligible impact. Broken and solid lines: model prediction for
unmixed and perfectly mixed sample volumes, respectively.
In Figure 4-49 it is apparent that the conversion from trans to cis under UV was much slower in azoTAB-
polymer gels than in well-mixed surfactant-only solutions. This result was anticipated through
application of the models presented in Chapter 2. At azoTAB concentrations of this magnitude, much of
the incident light is absorbed by a skin layer of molecules at the front of the sample. Conversion is fast in
this layer, but is much slower at longer path lengths due to the reduced photon flux. This uneven
absorption of light leads to composition gradients. Using the Beer-Lambert law to estimate of the
thickness of this layer in a 100% trans 5 mM sample, 99% of the incident light is absorbed within 0.16
mm. Even in a hypothetical sample of 100% cis, 99% of the incident light would be absorbed within 1.3
mm. In the NMR samples used here, the maximum path length is 4.92 mm and the average is 3.87 mm,
so these volumes are optically very thick at 5 mM azoTAB. If there were no convective mixing, the
average composition would thus change very slowly. However if the sample were actively mixed, each
molecule would on average absorb light at the same rate. The rate of conversion would be higher than in
the unmixed case. Two photochemistry models were developed for the limiting cases of a perfectly
mixed sample (Equation 2.13) and an entirely unmixed sample (Equations 2.20 and 2.21). For simplicity,
only one spatial dimension was considered in the model, so the average path length was used in the
model. Results from the unmixed model (Figure 2.21C) showed that in a 5 mM azoTAB sample under a
similar UV intensity, many minutes or hours could theoretically be required before any substantial
conversion is observed at a path length greater than 2 mm.
The rate of conversion in the intentionally mixed surfactant solution agrees well with the prediction of the
well-mixed model (solid line in Figure 4-35). The average conversion is slower in the surfactant solution
in which agitation was avoided, though it was impossible to maintain a perfectly quiescent sample while
transferring it between the lamp and the spectrometer, and inserting it into the spectrometer. Agitation
was also avoided for the gelled sample, but its higher viscosity better helped prevent mixing that would
have smeared out any composition gradients. The apparent reaction rate in the gel was therefore much
slower than in the surfactant solutions, though still not as slow as the prediction for a perfectly unmixed
sample (broken line). In principle it would have been possible to reduce agitation further by irradiating
the samples in situ in the spectrometer [101], but this additional step was left outside the scope of this
work. Nonetheless, the apparently slow reaction kinetics in the gel can be entirely explained by the lack
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of mixing. While it is not specifically excluded, there is also no need to invoke other mechanisms, such
as steric hindrance reducing the reaction rate in polymer-bound surfactant.
cis-rich
(sol)
UV
Figure 4-36 Cross section schematic of NMR tube with azoTAB-HMPAA mixture, assuming no convective
mixing or diffusion. View: looking down along the axis of the tube. If the sample is initially in the dark-
adapted state, it will initially be in a gel. Conversion to the sol will proceed from the side of the tube nearest
the light source. The interface between gel and sol will slowly move across tube. It is drawn here as being a
sharp interface; diffusion or mixing would cause more gradual gradients.
4.5.2. Composition gradients
Direct evidence for the composition gradients expected to arise in unmixed samples was found by
examining the NMR spectra. Selected spectra from the three different kinetics experiments at 5 mM
azoTAB are shown in Figure 4-37. Featured are the protons on the azoTAB aromatic rings.
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Figure 4-37 1H HMR spectra of the aromatic region protons. Surfactant concentration fixed at 5 mM
azoTAB. Panel A: azoTAB solution only, well-mixed. B: azoTAB only, not mixed. C: gel with 2.5 wt%
HMPAA. Key for peak labels shown in Panel A. Samples were initially dark-adapted, 100% trans, and then
irradiated with UV light. Arrows denote movement, growth or decay of peaks with irradiation. Overall
compositions shown, expressed as trans fraction: Panel A, 1.00, 0.81, 0.74, 0.67, 0.53, 0.41, 0.23, 0.13, 0.03.
Panel B: 1.00, 0.81, 0.73, 0.65, 0.55, 0.43, 0.27, 0.12, 0.04. Panel C: 1.00, 0.81, 0.72, 0.66, 0.55, 0.40, 0.24, 0.13,
0.04. These spectra were chosen such that the range of spectra in each panel would be comparable.
In the well-mixed surfactant-only sample (panel A), at any given time there is only one trans and one cis
doublet for each proton. As the sample was irradiated, these peaks shifted downfield. This downfield
movement is due to the dissolution of micelles as the sample became rich in cis. The positions of the
trans peaks are much more sensitive to this dissolution than the cis, though the cis peaks also reflect the
transition from micelle to monomer or pre-micellar aggregate (Figure 3-24).
The peaks in the unmixed surfactant solution showed a different behavior (panel B). A trans peak
remained for some time at approximately the same frequency as that in the initial dark-adapted sample.
As the intensity of this peak decayed, a second trans peak appeared and grew at a downfield location
(denoted E', D', C' and F'). These downfield peaks correspond to monomer or pre-micellar trans, while
the original upfield peaks are strongly influenced by micellar trans. The positions of these peaks are
plotted in Figure 4-38. This observation of separate peaks is consistent with the presence of a fairly sharp
composition gradient within the sample volume (as predicted in Figure 2-21C). The azoTAB molecules
near the front of the sample were converted to the UV photostationary state, which was below the CMC.
The residual trans in the UV state appeared as the downfield peak. The azoTAB molecules further away
from the light source remained in the dark-adapted state, staying above the CMC and causing the upfield
peak. The gradient between the two regions was fairly steep, so at least at early times, there was no
substantial intermediate peak. Inadvertent mixing and diffusion evened out this gradient over time,
eventually resulting in a smeared out trans peak.
The gel spectra (panel C) were similar in nature to the unmixed surfactant, with two trans peaks
simultaneously appearing for any given proton. Again this suggests a composition gradient within the
sample.
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Figure 4-38 Position of trans peak 'E' in both well-mixed and poorly-mixed 5 mM azoTAB solutions. In
several of the spectra for the poorly-mixed samples, two separate trans peaks appear. One peak is due to the
part of the tube that is locally above the CMC, and the other below the CMC. The CMC is at about 40%
trans, as seen in the breakpoint in the well-mixed series. The 'above CMC' peak is not tracked after it
becomes very broad, indicating that the composition gradient became more gradual. Lines drawn to guide
the eye.
In all of the aromatic proton peaks above, there was only a single cis doublet visible for each proton. It
was not possible to separately resolve the peaks from the parts of the sample that were above and below
the CMC. With the headgroup singlets it was easier to resolve two distinct peaks for the cis as well, in
the poorly mixed surfactant solutions:
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Figure 4-39 A: Position of the headgroup proton peak (K) in well-mixed and poorly-mixed 5 mM azoTAB
solutions. Similar to the previous Figure, except the cis peak also shows two distinct peaks in the poorly-
mixed solution. Lines are drawn merely to guide the eye. B: Superimposed spectra from the poorly-mixed
sample. Shown at the same times and average compositions as Figure 4-37. Arrows indicate direction of
growth or movement of peaks with UV irradiation.
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However in the gel spectra, it was again not possible to resolve separate peaks for the cis:
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Figure 4-40 'H NMR spectra for the azoTAB headgroup protons 'K'. 5 mM azoTAB with 2.5 wt% polymer.
Sample initially dark, then irradiated with UV to drive conversion to cis. A: Plot of peak frequencies.
Distinct peaks seen for trans from the gel and sol parts of the tube. Width of gel peak increases with UV
irradiation; broken lines show frequencies at half-maximum. This indicates the composition gradient
becoming less sharp. Other lines are drawn to guide the eye. B: The spectra, superimposed. Arrows indicate
direction of growth or movement of peaks with UV irradiation. Shown at the same times and average
compositions as Figure 4-37.
This use of 'H NMR to directly observe composition gradients in a photoreactive system may be novel. It
could be further extended by using not only in-situ irradiation in the spectrometer, but also a NMR
imaging probe. Such a probe could be used to directly image the variations over space, similar to an
MRI. This additional step was left outside the scope of this work.
4.5.3. 2-dimensional photochemistry model
As illustrated in Figure 4-35, the photoreaction in a NMR tube is an inherently two-dimensional problem.
The path length through the tube varies across the tube cross section. Thus far, it has been assumed that a
one-dimensional model would be sufficient, with the average path length being used as the length of the
modeled field. To check this assumption, some calculations were done using the full two-dimensional
field. The model equations were not modified for this purpose; rather they were simply solved for each
point in a two-dimensional grid instead of a one-dimensional grid. As diffusion is not yet considered,
(see next section), there is no interaction between parts of the sample in a direction orthogonal to the
passage of light. Parallel to the light beam, there is of course attenuation of the light intensity. Solving
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the 2-D model is thus equivalent to solving several parallel I -D models with different sample lengths, and
then stacking the results.
When applied to a cylindrical NMR tube, Cartesian coordinates may appear inappropriate. There is
however no angular symmetry in the system, so it would remain a two-dimensional problem in cylindrical
coordinates as well. Additionally, the attenuation of the light intensity is most easily described in
Cartesian coordinates. Therefore, the original Cartesian coordinate system was maintained.
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Figure 4-41 Conversion of trans to cis in the one- and two-dimensional models, with no mixing or diffusion.
Irradiance is 4.73 mW/cm 2 at a wavelength of 360 nm. 1-D model uses a length of 3.87 mm, while the 2-D
model uses the actual NMR tube inner diameter of 4.92 mm. Total concentration is 5 mM.
From the model comparison in Figure 4-41, it appears that reducing the problem of photoreaction in a
NMR tube to a single spatial dimension is reasonable.
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Figure 4-42 Example profiles from 2-D model. Same settings as in Figure 4-41. Shown is a half of the cross
section of a cylindrical NMR tube, viewed along the axis of the tube. Dark blue denotes area outside the
NMR tube. Light is incident on the left boundary of the tube. At 500 seconds and 2000 seconds of UV
irradiation. Contour plots of the trans concentration, in mM. Colorbar is somewhat deceptive; see next
Figure for better representation of the gradient.
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The shapes of the resulting profile can be seen in Figure 4-42. As in the un-mixed 1-D model, there is a
sharp gradient between a region that is UV-adapted, and a region that is essentially unreacted. In
surfactant only solutions, the region in red would have trans-rich micelles, while the region in blue would
have only monomers and pre-micellar aggregates. In surfactant-polymer mixtures, the region in red
would be gelled, while the region in blue would be sol. The gradient between the regions is seen more
clearly in Figure 4-43:
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Figure 4-43 Profile of the trans fraction along the centerline of the NMR tube, after 2000 seconds of
irradiation in the 2-D model, with no mixing or diffusion. The origin of the spatial axis is placed where light
is incident on the sample.
In this Figure is the composition profile at the widest part of the NMR tube. The same profile would be
found by solving the 1 -D model with a sample length of 4.92 mm.
The additional computational burden of solving the two-dimensional model does not appear to be
justified in a substantial change in the results.
4.5.4. Model with diffusion
In Chapter 2, two different photochemistry models were developed. One assumed a perfectly mixed
sample volume, while the other assumed no diffusion and no convective mixing. Even in an experimental
apparatus which eliminated convection, diffusion would still be present. There is therefore a need to
extend the un-mixed model to include diffusion.
In the un-mixed sample model of Chapter 2, the rate of change of the, trans concentration at any given
position x was (Equation 2.20)
181
""" = -#,a,,C,tran+s #sacsCs +kCtra
where #,,,s is the quantum yield of the trans to cis photoreaction, #, is the quantum yield of the reverse
photoreaction, I is the local light intensity and k, is the first order rate constant for the thermal
conversion of trans to cis. The concentration of cis was found by the conservation of species,
C,,, = Cran + Cc,. The molar absorptivities atran. and as are defined in the Beer-Lambert Law
(Equation 2.19),
dIA =-aICAdx
where IA is the light absorbed by some component A. As discussed in Chapter 1, this absorptivity is
defined somewhat differently from that which is often presented in the literature.
The local light intensity is described by Equation 2.21:
-x = -I (a,,.wC,,.w+ acCc)ai )t xrnt.ras±~ 5 K
This model was extended to include diffusion as follows:
trnsi transatn ICtas OiasIcis t ras tr, tans x.16
at ) = -#,, a,,. tC,,s+ #+ k C , + D ,, "2a (4.16)
and
S=#,,a, scis , k,,trans -#ac a
2C -kC
at , =xtran iC a(
It becomes necessary to solve separate conservation equations for trans and cis because the local total
concentration C, may vary if the two species have different diffusivities, which they do. No flux
boundary conditions were used at both ends of the modeled volume.
For surfactant-only solutions, the appropriate diffusivities were described in Chapter 2. At a total
concentration of 5 mM, Di is about 4* 10~'0 m2/s, while Dran, varies from 3*10~10 m2/s in the dark-
adapted state to 4*10-14 m2 /s in the UV-adapted state. These diffusivities are averaged over monomers,
pre-micellar aggregates and micelles. The diffusivities in polymer-surfactant mixtures were described
earlier in this Chapter; Dds can be taken as 3.2*1011 m2/s while Drans varies from 2.6*1012 m2/s in the
dark-adapted state to 4.6* 1012 m2/s in the UV-adapted state. For a first approximation, the variation of
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the diffusivities with the extent of photoreaction was neglected in this model, and the dark-adapted values
of Drans were applied. It must be noted that the diffusivities being applied here are self-diffusion
coefficients, describing Brownian motion in the absence of any concentration gradients. These values are
not necessarily equivalent to the mutual diffusivities appropriate for use in Fick's Law and the above
model. The two types of diffusion coefficients can however be expected to be similar for the surfactant,
given that the solutions are dilute in surfactant.
The equations were not non-dimensionalised, but it is still possible to discuss characteristic time scales.
The diffusion time scale is L2 / D . Taking the characteristic length as 3.87 mm, or the average path
length in the NMR tube, this time scale ranges from 10-14 hours in the surfactant solutions and is even
longer in the polymers-surfactant mixtures. However, this is not the most appropriate characteristic
length. Rather, diffusion would be expected to take place across the width of the composition gradient
that arises due to uneven absorption of light. As discussed in Chapter 2, this width is on the order of
(eC)_1 , where c is an alternate molar absorptivity defined in Equation 2.5 as
a = ln(10)
Using the molar absorptivity of trans azoTAB at the appropriate wavelength (360 nm), 2500 m2/mol, the
width of the gradient is thus about 0.08 mm. This brings the diffusion time scale to about 20 seconds in
surfactant solutions and 40 minutes in gels. Based on the reaction times shown in Figure 4-35, it can be
concluded that it is important to include the effects of diffusion. Meanwhile, the characteristic time of the
thermal reaction is 1 / k,, which is about 50 hours. The thermal reaction is negligible where the
photoreaction goes to conversion quickly, but at locations in an optically thick sample where the local
light intensity is very low, the thermal reaction can become relatively more important.
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Figure 4-44 Comparison of model and experimental results for photoconversion of trans to cis in a NMR
tube. Same as Figure 4-35, with the addition of models that include diffusion. "Gel diffusivities" taken from
measurements in azoTAB-HMPAA mixtures; "high diffusivities" taken from measurements in surfactant-
only solutions.
The results of the diffusion model are given in Figure 4-44. Using the diffusivities obtained from the
surfactant-polymer mixtures, the rate of conversion is somewhat higher than in a perfectly unmixed
system. Using the diffusivities from surfactant solution, the conversion is substantially faster. The
observed reaction rate in the surfactant-polymer mixture was still faster than either of these however, so
there must have been some convective mixing during that experiment. It is somewhat curious that this
experimental series follows the model results at early times, up to 520 seconds. The viscosity of the gel
would have been at a maximum at these times, so the gel would have been more impervious to agitation
over this span. Beyond that time span, the sample would have undergone the gel-sol transition, and the
viscosity would have decreased.
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Figure 4-45 Composition profiles from unmixed and diffusion models, after 6000 seconds of UV irradiation.
Shown are the local trans fractions. The average trans fractions are 0.64 in the unmixed model, 0.58 in the
diffusion model with gel diffusivities and 0.38 using surfactant solution diffusivities.
An example of how diffusion affects the composition gradients is given in Figure 4-45. Even with the
low diffusion coefficients in the gel, the sharp composition gradient is smoothed out substantially. The
mole fractions are calculated based on the local total azoTAB concentration. Due to the different
diffusivities of cis and trans, this local total concentration changes from 5 mM. The region at the front of
the sample, near the light source, becomes rich in cis as the initially dark-adapted sample is exposed to
UV light. This cis was assigned a higher diffusion coefficient than the trans, so this region becomes
depleted in azoTAB.
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Figure 4-46 Profiles of the total azoTAB concentration, calculated from the diffusion model using surfactant
solution diffusivites. The overall concentration is 5 mM, but this can change locally due to diffusion because
trans and cis are treated as distinct components with different diffusivities. The front of the sample is rich in
cis due to higher absorption of UV light. Because cis was given a higher diffusivity, that region then becomes
depleted in total azoTAB.
These effects may be somewhat exaggerated in the model because the observed increase in trans
diffusivity with UV irradiation was not included in the model. However, an increase in the local total
azoTAB concentration in the deeper parts of the sample may explain the upfield drift in the micellar trans
peak seen in Figure 4-40. As seen in Figure 4-13, the azoTAB peaks move upfield as the total
concentration is increased.
4.5.5. Predicted NMR spectra
The shape of a NMR peak is generally described as being Lorentzian [102], which is alternately known as
the Cauchy distribution. This distribution is defined as follows:
f =(X ) 2 +Y 2  (4.18)
where f is the value of the function at position x, y is the peak half-width at the half-maximum
(HWHM), and x0 is the position of the peak center. With this quantitative description of the lineshape,
predicted NMR spectra can be created from the results of any of the models. The predicted spectra can
then be compared to the spectra that were observed in the presence of composition gradients.
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The azoTAB headgroup peak was chosen for this analysis, because it returns a simple singlet peak. The
synthetic spectrum for the headgroup peak was then simply built by taking a number-weighted sum of the
predicted signals due to trans and cis:
combined = yt,,n,,frans + y f,'S (4.19)
In the case of the diffusion or unmixed models, where the isomer composition varied over the sample
volume, Equation (4.19) was applied for each grid point. The final spectrum resulted from taking a
summation over all grid points.
As previously discussed, the peak position xO varies with the local isomer composition and the total
azoTAB concentration. This variation is strong for trans and weak for cis. In all cases here, the total
concentration was fixed at 5 mM. The values of x0 used to build the predicted spectra were then
interpolated from the observed peak positions in well-mixed 5 mM samples (Figure 4-39A). Such data
were only available for surfactant-only solutions, so this analysis was not attempted for the gel samples.
The HWHM peak widths y also vary with the isomer composition, as the NMR peaks are wider when
micelles are present than when only monomer is present. The observed widths would also vary from
spectrometer to spectrometer and even measurement to measurement, because line widths are affected by
the quality of the shimming applied in order to achieve homogeneous magnetic fields. It was decided to
keep the values of y fixed for each isomer, as a simplification. 0.95 Hz was used for trans, and 0.8 Hz for
cis. In any given spectrum, the observed linewidths may be slightly wider or narrower.
The predicted lineshapes were tested against those observed in well-mixed samples:
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Figure 4-47 Predicted and observed NMR spectra for well-mixed sample volumes, for 5 mM azoTAB
solutions. Predicted: Broken blue; Observed: solid black. A: dark-adapted state, 100% trans. B: 23% trans,
or after 360 seconds of UV irradiation. C: UV adapted state, 3% trans.
The Lorentzian line shape fit the observed peaks reasonably well, with some error due to the unaccounted
for changes in the linewidths.
Such a good agreement between model prediction and observation would not be expected in the azoTAB-
HMPAA samples, given that none of the models correctly predict the observed rate of conversion. There
was likely some convective mixing that would lead to unpredicted composition profiles. Despite this
difficulty, a comparison was attempted.
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Figure 4-48 Observed (solid black) and predicted (broken blue) NMR spectra in poorly mixed 5 mM azoTAB
only solutions. Diffusion model was used to generate the spectra, using diffusivities observed in surfactant
solutions. A: Overall trans fraction is 0.81, achieved after 90 seconds of UV irradiation in the experiment,
and 270 sec in the model. B: Overall trans fraction is 0.55, achieved after 39 seconds in the experiment, and
2450 sec in the model.
The experimental NMR spectra from the poorly-mixed samples were compared to the results of the
diffusion model, such that the observed and predicted spectra had the same spatially-averaged isomer
composition. There is not a strong agreement between observation and prediction, but the prediction does
confirm that multiple trans peaks can be expected in a poorly-mixed sample.
4.5.6. Overview of kinetics
It was found that the photoreaction models underpredict the rate of photoconversion from trans to cis in
the surfactant-polymer mixtures, but this is most likely due to convective mixing in the sample tube. In
the absence of convection or diffusion, the rate of reaction at high optical depths is expected to be very
slow. Therefore convection and diffusion are extremely important to the reaction rate.
There are no obvious indications that the time required for micelle formation or dissolution is limiting.
Micellar kinetics are characterized by two different time scales, ri and r2 [103]. The first is related to the
rate of exchange of individual surfactant molecules between a micelle and the bulk, and is typically on the
microsecond scale [104]. In this case, it is directly observed that the rate of exchange of individual
surfactant molecules between the monomer and micelle states is at least as fast as the millisecond scale,
and is thus not limiting in any way to the gelation process. This was found from the fact that there are not
separate micelle and monomer NMR peaks in a well-mixed sample. The second time scale is related to
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the lifetime of the micelle, or the rates of micelle formation and dissolution. This is typically on the
millisecond scale, but can be longer in special cases such as Gemini surfactants [104]. In this system,
these rates also seem to be fast compared to the photoreaction. This is inferred from the fact that the
NMR peaks shift upfield and downfield appropriately, signaling that micelles are forming or breaking in
response to irradiation as expected.
It therefore appears that the photon flux through the material is the rate controlling feature of the system.
Upon absorption of light, the photoreaction takes place quickly, and then any micellar aggregation
responds quickly to the change in isomer composition. The effect of low photon flux at high optical
lengths can be mitigated by stirring the sample, such that all molecules are on average exposed to the
same irradiance. What was not measured was the changing viscosity or polymer diffusivity during the
irradiation process. This work was inspired by a report that [47] that the viscosity dropped upon UV
irradiation on the time scale of minutes, and then within minutes recovered part way upon visible
irradiation. For unstated reasons, the remaining recovery in viscosity required about 24 hours. Based on
this report, it was thought that there may be some complicated mechanisms involved in the gelation
process. However a likely explanation for this observation is simply that the visible-adapted state
(assuming it was even entirely achieved with the available light intensity) is different from the dark-
adapted state. The extent of gelation will be higher in the dark-adapted state because it is 100% trans, as
opposed to about 70% trans (dependent on the wavelength of visible light used). The observed slow
recovery time was probably due to the slow thermal reaction that returned the gel to the dark-adapted
state.
It is likely that the rate of the photoreaction is the limiting step in gelation, in optically thin samples. This
rate is affected by the incident light intensity and the wavelength. In optically thick samples, mass
transfer can be thought of as limiting. If the sample were mixed, the photoconversion and thus gel-sol
transition would be faster.
4.6 Solute diffusion
4.6.1. Measured in aqueous solvent
Measurements of solute diffusivity through the gel are also helpful for characterizing the gel structure and
assessing appropriateness for several end-use applications. A series of poly(ethylene glycols) of varying
sizes was chosen as the primary probes. Their diffusivities were measured in very dilute solutions (0.03
wt% or 0.06 wt% PEG) in deuterium oxide, and compared to literature values.
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Figure 4-49 Diffusivities of PEG in deuterium oxide. Literature values in circles; this work in squares. Solid
circles, measured at 25 C, taken from Johansson et al [771. Hollow circles, measured at 20 C, taken from
Colsenet et al and le Feunteun et al [64, 73, 761. Measurements in this work are done at 25 C, and a diffusion
time of approximately 500 ms. Power law line drawn through all series. Exponents: 0.47, 0.51 and 0.56 for
literature 25 C, this work and literature 20 C series, respectively.
The literature values bound the measurements described here (Figure 4-49), giving confidence in the
calibration and technique employed. The star PEO with a MW of 10,000 falls on the line with the other
polymers, despite being nonlinear.
The diffusivity varies as
D~MW-V (4.20)
where MW is the molecular weight of the polymer. t'is taken from the exponent of the lines in Figure
4-49, and is equal to 0.51 ± 0.06. This corresponds well to the Zimm model exponent of 0.5; the Zimm
model results from adding hydrodynamic interactions to the Rouse bead-spring model of a polymer chain.
To the extent that the hydrodynamic radius, root mean squared (r.m.s.) radius of gyration and r.m.s. end to
end to displacement are proportional to each other, this is also the Flory exponent v:
Rf,~N (4.21)
where Rf is the r.m.s end to end displacement, N is the number of bonds in the chain and lis the bond
length. A Flory exponent of 0.5 corresponds to an unperturbed polymer, or the theta condition [105]. To
a first approximation, assuming an equivalence between v and v'is not unreasonable in dilute solutions
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[106]. When doing quantitative calculations, the appropriate bond length for PAA is the carbon-carbon
bond length of 0.154 nm. For PEG the r.m.s. value of two carbon-oxygen lengths and one carbon-carbon
length is required [107].
4.6.2. Measured in azoTAB-HMPAA gels and solutions
Based on the review of the published literature, it was anticipated that solute diffusion might respond to
changing levels of crosslinking and finally gelation. Different extents of crosslinking were sampled by
measuring diffusion at different azoTAB concentrations with a fixed HMPAA concentration and further
by switching between the dark and UV photostationary states. Some results are given in Figure 4-50 and
Table 4-3.
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Figure 4-50 Diffusivity of PEG MW 6000, scaled against its diffusivity in neat solvent. Surfactant
concentration and photostationary state have no obvious impact. The hydrodynamic radius of this solute is
2.3 nm. Measured at diffusion times ranging from 100 to 3000 ms; this time has no effect on the diffusivity.
Some values are therefore averages of several measurements.
Table 4-3 Diffusivities of various solutes in neat solvent, and reduced diffusivities in 2.5wt% HMPAA
solutions and azoTAB-HMPAA mixtures, in dark- and UV-adapted states. Measurement in polymer-only
solution not always available. Also given is the hydrodynamic radius.
Solute, MW Do,m 2 /s R,nm [azoTAB], D / DO, DI D, D / DO,
mM no dark, with UV, with
_ _0 _azoTAB azoTAB azoTAB
Dimethylformamide, 9.98*10 3.85 0.88 0.87
73
Star PEO: 10,000 7.74*101 2.7 10 0.47 0.48 0.48
PEG: 12,000 6.61*10-" 3.0 5 0.39 0.46 0.47
PEG: 40,000 3.76*10-" 5.3 10 0.34 0.34
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Solute: PEG, MW 6000
HMPAA fixed, 2.5 wt/6
S
darkUV
While the extent of gelation changes dramatically across the different measurements shown in Figure
4-50, it has no obvious effect on the diffusion of solutes with a molecular weight of 40,000 or less. This
suggests that the mesh size is always greater than the largest solute hydrodynamic diameter, 10 nm.
A schematic of the mesh in a semi-dilute polymer solution is given in Figure 4-51.
Figure 4-51 Polymer mesh in semi-dilute solution. ( is the characteristic length of the mesh. Potential
crosslinking sites are shown in red. If that crosslinking can substantially reduce , it would be expected to
hinder solute diffusion. Alternately, crosslinking could cause the polymer clusters to constrict upon
themselves, leaving large solvent voids that are available for solute transport.
Through a supplementary SANS experiment, the mesh size in HMPAA solution was estimated to be 16
nm, which is indeed larger than the largest solute above. Alternately, the mesh dimensions can be
estimated through use of scaling laws [71, 108]:
C * R
* C
(4.22)
where C * is the overlap concentration, C is the polymer concentration, and the radius of gyration R9 was
found using Equation (4.12). The resulting estimate for 2.5 wt% HMPAA is about 10 nm, so the SANS
estimate is of plausible magnitude. In the absence of additional crosslinking induced by the surfactants,
the HMPAA solution can be expected to impose an obstruction effect on the solutes, but little size-
specific sieving would be in effect for the solutes presented above.
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However, micellar crosslinking should somehow distort this mesh. The average HMPAA coil consists of
3470 repeat units, 3% of which are hydrophobically modified. There are thus about 32 repeat units
between potential crosslinking sites, or a contour length of about 10 nm. The actual displacement
between neighboring side chains will be rather less than this. If a substantial number of side chains (red
spots in Figure 4-51) associate with each other via micelles, the mesh size may effectively be reduced.
The mesh size could alternately also be increased, as some larger voids are created as the polymer coils
crosslink with each other.
Based on these results, a larger solute was introduced in an attempt to detect any sieving effect. This was
PEO with a molecular weight of 100,000, which has a hydrodynamic radius of about 10.4 nm. A solute
with this size should be more sensitive to changes in the mesh structure. The resulting Stejskal-Tanner
curves are given in Figure 4-52:
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Figure 4-52 Stejskal-Tanner plots for PEO, MW 100,000. Faster signal decay with increasing 'k' indicates
faster diffusion. Hollow squares: PEO in 10 mM azoTAB/2.5 wt% HMPAA gel, dark state. Solid triangles:
PEO in same gel, but UV state. Solid circles, obscured by dark gel series: PEO in 2.5 wt% HMPAA, no
azoTAB. Hollow circles: PEO in neat solvent. Triangles: HMPAA in dark gel, for comparison. All broken
lines are best fits to two-component model, except PEO in solvent which is a simple linear regression for one
component. Diffusion times used range from 500 ms to 2500 ms.
The results are difficult to interpret. The Stejskal-Tanner plot for PEO in solvent is linear, indicating
simple translation with a single diffusion coefficient. The diffusivity in 2.5 wt% HMPAA solution is
much slower than in neat solvent, but there is also curvature in the plot. There are multiple diffusion
coefficients for PEO present in the polymer solutions, implying that some of the solute is becoming
entangled with the HMPAA. The results do not appreciably change when 10 mM trans azoTAB is added
to form a dark-adapted gel. However the diffusivity of PEO increases after irradiation with UV light. It
is unclear why disrupting any micellar crosslinks with UV light would have an impact on solute diffusion,
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when the creation of those crosslinks via the addition of surfactant had little effect. Either the presence of
cis azoTAB somehow led to larger voids in the gel structure, or the apparent effect is a result of
measurement error.
The use of other large solutes was attempted in order to elucidate these mechanisms. These solutes
included latex beads and globular proteins such as albumin, myoglobin and hemoglobin. Unfortunately
none of these probes provided a sharp enough proton NMR peak for observation using the available NMR
probe.
For these gels to be effective in sieving more moderately sized molecules or particles, it was hypothesized
that an increase in potential crosslinking sites was required. A higher density of hydrophobic side chains
could allow for a more substantial difference in the mesh size between the gel and solution states.
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Figure 4-53 Diffusivity of PEG MW 6000 in HMPAA solutions of different concentrations and different
levels of hydrophobic modification. The diffusivity is more attenuated in HMPAA with 5% modification
(250-5) as compared to the polymer with 3% modification (250-3) otherwise used throughout this work.
Lines drawn to guide the eye.
An initial test of this idea is presented in Figure 4-53. In the absence of any surfactant, an increase in the
hydrophobic modification rate of the PAA results in lowered PEG diffusivity. At any given
concentration, the HMPAA with the higher extent of modification results in more viscous samples. This
thickening is a result of enhanced inter-polymer crosslinking due to side chain aggregates. In principle
the crosslinking could be further enhanced in a light-sensitive manner through use of azoTAB, but
exploration of azoTAB in mixture with HMPAA of various substitution ratios was left out of the scope of
this work. In any case, a sieving mechanism is not wholly necessary for the light-activated modulation of
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solute transport; small hydrophobic molecules should be immobilized in the gel state as compared to the
solution due to solubilisation by the crosslinking micelles.
4.6.3. Dependence on solute size and polymer concentration
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Figure 4-54 Dependence of probe diffusivity on probe molecular weight, measured in dark-adapted azoTAB-
HMPAA gels. Includes PEG 600, 6000, 10000, 12000 and 40000, as well as small molecules pyridine and
dimethylformamide. Line indicates power law fit.
In azoTAB-HMPAA gels with a polymer content of 2.5 wt%, the probe diffusivity was found to scale as
D ] MW=0-67 . Exponents of 0.5 and 1 would correspond to Zimm and Rouse chain dynamics
respectively, while an exponent of 2 would be expected in a reptation regime. The gel is not concentrated
enough for the reptation model to apply, wherein the diffusing polymer can be thought of as being
restricted to a tube. A result intermediate to the Zimm and Rouse values is fairly typical in semi-dilute
polymer solutions.
A wide variety of models have been suggested for solute transport in polymer solutions and gels [70].
These are either based on the hydrodynamic drag acting on the solute, the free volume available for
transport, or the increase in path length due to obstructions. The drag and obstruction models have also
been combined, to account for both effects. Some relations have also been derived that include size-
exclusion effects due to the relative sizes of solute and mesh. The Ogston model was used to describe the
diffusion of solutes through the gel matrix of this work. In the Ogston model, the gel is treated as
randomly oriented impenetrable fibers which present an obstruction to the diffusing solute.
The Ogston model is stated as
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D [ 0 5 r, ( 4.23)
Do 
_ ' I
where p is the fiber radius. The hydrodynamic radius of the solute measured in dilute solution was used
as r , as is suggested for PEG [70].
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Figure 4-55 Measured PEG diffusivities in comparison with predictions of Ogston model. A: Effect of
changing volume fraction. Hollow markers, PEG with MW 6000 diffusing in HMPAA solutions. Solid
markers, PEG with MW 40000 diffusing in azoTAB-HMPAA gels. Broken line is from Ogston model, with a
different fiber radius used in the two cases. B: Effect of changing the solute radius. Solutes used are PEG
600, 6000, 10000, 12000 and 40000. Hydrodynamic radius is used as the solute radius. Lines are from
Ogston model, using the different radii found from gel series in panel A.
Data were collected using PEG with weights of 6000 and 40,000 across a range of polymer volume
fractions. The PEG 6000 data were collected in the absence of surfactant, while the larger solute was
placed in azoTAB-HMPAA gels. The relationship between solute diffusivity and volume fraction
matches the Ogston model fairly well. However the best fit value of the fiber radius was different in the
two cases; fiber radii of 0.4 nm and 0.57 nm resulted from using PEG 6000 and 40,000, respectively.
This difference is not thought to be due to the presence or absence of surfactant, as the diffusivity of PEG
6000 was not found to be sensitive to the presence of polymer in at least one polymer concentration.
Therefore there may be some solute size dependence that the Ogston model is not capturing. As seen in
Figure 4-55B, the model treatment of the solute size is less satisfactory. Nonetheless these trends were
used to estimate the reduction in free micelle diffusivity due to the polymer obstacles, in an earlier
section. This estimate may have some error due to electrostatic interactions being ignored.
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At these low polymer volume fractions, it is likely that obstruction is a major mechanism for the
reduction of solute diffusivity. The Ogston scaling of solute diffusivity against polymer fraction appears
appropriate, though there are other behaviors here which are not well described by that model.
4.7 Discussion
An array of NMR techniques has been used to characterize the structure of the gels and solutions formed
by azoTAB and HMPAA under different light conditions. These measurements have been used to
estimate the level of surfactant-polymer binding through observation of both surfactant and polymer, as
well as the level of micelle formation, and the ensuing growth of polymer clusters and networks. Also
obtained were estimates of the polymer mesh size, and indications of the stability of different aggregates
as inferred by the exchange rate of components into and out of those aggregates. In order to build a
coherent understanding of the structures present under various light conditions, all of these measurements
must be reconciled with each other and with rheological measurements [47] and SANS measurements
[50].
This was done under the framework of the tree model of gelation. The gels in this work are crosslinked
by physical interactions, leading to crosslinks with finite lifetimes. In general, this will lead to 'weak'
gels, in comparison to stronger chemically crosslinked networks. Physical gels are not expected to have
the sharp sol-gel transitions seen in chemical gels [71], and require special theoretical attention as
developed for HMPs by Rubinstein and Semenov [109-114] and Tanaka [115-122]. Nonetheless,
physical crosslinking bears a resemblance to the vulcanization process, and so the tree model of
vulcanization as presented by Flory was used as a general guide [105].
I IParent polymer
First Generation
Second Generation
Figure 4-56 Tree model of gelation. Individual polymer coils are represented by the horizontal lines.
Crosslinks or potential crosslinks are denoted by the vertical lines. See text for discussion. Based on
treatment by Flory [1051.
A gel can be defined in many different ways. There are rheological definitions, whereby a gel is formed
when the storage modulus exceeds the loss modulus, or when the loss modulus is constant over a wide
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range of frequencies. In this work, a gel is defined as a crosslinked network that is much larger than the
individual polymer coils; this network extends indefinitely across the volume in which it's found. The
tree in Figure 4-56 was used to find the conditions necessary to form an infinite network. Each polymer
coil has some number f of sites where crosslinks may form, such as the hydrophobic grafts in this work.
In the Figure, f = 3. The probability that any given side chain is involved in an active crosslink is p .
Neglecting intra-polymer aggregation and assuming that each crosslink only includes one hydrophobic
graft from each of two polymer coils, the number of polymer coils connected to the parent coil is pf .
The number of as yet unaccounted side chains in the first generation is pf(f -1) . Applying the same
assumptions as before, there are then p 2f(f -1) members of the second generation. In order for the
network to extend indefinitely, there must be at least as many members in the second generation as the
first. Applying this condition, the critical point for gelation p, is
P = 1 (4.24)Sf -1i
Once the fraction of side chains that participate in interpolymer crosslinks exceeds this critical point, a
gel will have formed.
On a weight averaged basis, the original HMPAA coils have 3470 repeat units, and about 104 side chains
per coil. The critical point p, is thus about 1%, so the fraction of active side chains should be roughly on
that order as the clusters grow to maximum size and the viscosity rises. Correspondingly, there must be
enough surfactant micelles available to host these side chains, and each micelle must on average host side
chains from at least two polymer coils. As seen in Figure 4-24, even at the lowest azoTAB
concentrations, the fraction of side chains that are somehow associated with the surfactants easily exceeds
1%. This is true in both the dark and UV photostationary states. It is doubtful that all of those side
chains are actively engaged in crosslinking; in fact they cannot be or else there would be no difference in
cluster size or viscosity between the dark and UV states.
The concentration of surfactant present in micelles was estimated by use of surfactant chemical shifts, and
was presented in Figure 4-20. These values were converted to the concentration of micelles by dividing
by the aggregation number; N,9 was chosen to be 70 on the basis of the SANS results [50]. As
expected, the number density of viable micelles is the limiting factor in gelation:
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Table 4-4 Micelle and side chain populations as estimated from chemical shift data of both surfactant and
polymer. Dark state only. Total side chain concentration is 8.65 mM. "Associated" side chain concentration
is the fraction identified as interacting with either surfactant micelles or with bound monomeric surfactant.
[azoTAB], [micelles], [micelles]/[total [side chains [side chains [micelles]/[polymer
mM mM side chains] associated with associated with coils]
azoTAB]/[micelles] azoTAB]/[azoTAB]
0 0.00 0.00 0.00
0.5 0.00 0.00 1.00 0.00
1 0.01 0.00 0.09
3 0.04 0.00 47.62 0.36 0.43
5 0.06 0.01 31.85 0.32 0.77
7 0.09 0.01 25.30 0.28 1.12
10 0.14 0.02 19.40 0.22 1.63
20 0.28 0.03 13.15 0.18 3.35
If each micelle were on average hosting two side chains, then from 5 mM azoTAB and above there are
enough micelles to allow for 1% of the side chains to be actively crosslinking (see third column of Table
4-4). This figure is reasonable in the context of the dark state viscosity and cluster size measurements;
both are strongly elevated at 5 mM.
It is also clear that not all of the side chains that are associated with the surfactant are actually
participating in micelles, so Figure 4-24 must be interpreted with caution. It is simply implausible that at
3 mM azoTAB, there are nearly 50 side chains in each surfactant micelle (fourth column). The 1:1 ratio
of azoTAB and azoTAB-associated side chains at 0.5 mM (fifth column) strongly suggests that upto 0.5
mM, each surfactant molecule binds to the polymer at its own side chain. This ratio decreases rapidly
beyond 0.5 mM, indicating that the surfactant is forming micelles above 0.5 mM and that the polymer
side chains are a minority component in the micelles. In principle, the estimate of the bound azoTAB
concentration in Figure 4-20 could be subtracted from the concentration of side chains associated with
surfactant, thus yielding the concentration of side chains in micelles and the micellar composition.
Unfortunately the data are too noisy and uncertain for this calculation to be meaningful, though the
number of side chains per micelle may be on the order of 3-4.
The micellar and side chain populations in the UV system suggest the exact same scenario as the dark
state, but yet there is a substantial difference in cluster size and rheology between the two light
conditions. Surfactant micelles are forming in the UV state at the same overall azoTAB concentration as
in the dark. Side chains are interacting with those micelles at about the same rate. From the lack of
effective crosslinking, it can be inferred that the cis micelles are smaller than the trans, and less stable.
The size effect is consistent with SANS measurements (Figure 4-17). These smaller cis micelles may be
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incorporating polymer side chains, but they would be less likely to simultaneously accommodate two side
chains from different polymer coils for long enough to have any crosslinking effect.
The fact that cis surfactants are able to form well-formed micelles at all is noteworthy, as they tend to
form pre-micellar discs in aqueous solution. The polymer side chains must be important for cis micelle
formation; the side chain likely provides a substrate around which the cis surfactants can condense. This
substrate may also relieve some of the packing constraints inherent in the formation of aggregates by cis
azoTAB.
In consideration of all these results, the schematic in Figure 4-16 appears to best explain the structure of
these polymer-surfactant mixtures under dark and UV conditions.
4.8 Conclusions
NMR chemical shift and diffusion measurements have been successfully used to describe the molecular
scale architecture of photosensitive gels in both gel and sol states. The size of the growing gel network
was directly observed by quantifying its diffusivity, and these data were found to correlate very well with
viscosity measurements. Polymer diffusion can thus provide the bridge between molecular and
macroscopic observations. Chemical shift data were used to estimate the extent of surfactant-polymer
binding and micelle formation; these are consistent with gelation theory. The combination of NMR,
SANS and rheology data were used to suggest a different mechanism of reversible gelation than what was
inferred without the benefit of NMR measurements. The kinetics of the gel-sol transition were followed
using NMR chemical shift measurements; the extent of gelation appears to respond quickly to changes in
the isomer composition. These changes are in turn controlled by the photon flux through the material.
An accurate kinetic model for this reaction is therefore important, and the model for unmixed volumes
described in Chapter 2 was found to be adequate. This model predicts that concentration gradients will
result from uneven absorption of light throughout the sample, and NMR spectra were used to detect these
gradients. The range of discoveries made here demonstrate the power of NMR measurements in
elucidating structures and processes in colloidal and polymeric systems.
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Chapter 5
Photoresponsive Vesicles
5.1 Introduction
Surfactants are able to self-assemble into a wide variety of structures, including spherical micelles,
reverse micelles, rod-like micelles, unilamellar and multilamellar vesicles, and planar bilayers. These
structures have attracted attention in a variety of fields, including biology and medicine. Closed bilayer
structures bear a resemblance to naturally occurring cell membranes, so artificially produced bilayers
have been used to mimic those membranes. There is indeed speculation that the self-assembly of vesicles
was an important step in the origins of life, as these compartments provided an environment that was
separated from the surroundings and also one that might have facilitated biologically useful reactions [1].
Vesicles have also been used for drug delivery [2-6]. Hydrophilic drugs can be stored within the aqueous
cavity of the vesicle; the stored materials permeate slowly through the bilayer wall so they remain
encapsulated until released. Hydrophobic chemicals are stored within the bilayer. Vesicles have also
been proposed for removing contaminants from aqueous streams [7]. Self-assembled vesicles are also
used as a soft template for more permanent hollow silica nanoparticles [8-11]; the desired size and shape
of the final nanoparticles are tuned by adjusting the surfactant system.
Worm-like micelle
Micelles
Bilayervesicle
Figure 5-1 Various structures that may result from self-assembly of surfactants. The hydrophobic domains
formed by the surfactant tail groups is generally described as being liquidlike. Some water may penetrate
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some distance into what is drawn as the hydrophobic core; this region is called the Palisade layer. Not shown
are any counterions of the surfactant molecules.
The ability to reversibly alter self-assembled structures between different shapes, or to disrupt self-
assembly entirely, would be beneficial to many of these possible applications. For example, an external
stimulus that triggered the formation or disruption of vesicles could be used to load and discharge the
drug or pollutants localized within the vesicles. The external stimulus could also be used to create a
multitude of soft templates from a single chemical system. Micelle to vesicle transitions have been
reported to be initiated by changes in temperature [12-15], pressure [16], or the addition of some other
chemical [17].
For some applications, light may be a more advantageous stimulus because it is less invasive and is easily
spatially controlled. There are some prior examples of light-sensitive vesicles in the literature. Veronese
et al have demonstrated surfactants that are synthesized through a photoreaction; these surfactants then
assemble into vesicles [18]. Such a mechanism may be relevant to the origin of life, but the process is
irreversible, limiting further applications. Conversely, Eastoe et al have shown that vesicles formed by
photodestructible surfactants are destroyed upon irradiation [19], but this is also an irreversible process.
Uda et al have developed a system wherein vesicles fuse together to form larger vesicles upon irradiation,
though the reverse would be a slow thermal process [20]. Sakai et al made truly photo-reversible vesicles
from a mixture of an azoTAB-like surfactant and sodium dodecylbenzenesulfonate (SDBS) [21]; vesicles
were present in the dark- and visible-adapted states, but were disrupted in the UV-state. The exact nature
of the structures in the UV state was not clear, but glucose that had been taken up by the vesicles was
released upon UV irradiation.
The present work describes an attempt to extend this field by using the azoTAB surfactant to create a
series of self-assembled shapes that are photoswitchable. This was done by exploring mixtures of
azoTAB with sodium octyl sulfate (SOS) under different irradiation conditions.
5.2 Background
5.2.1. Geometric constraints
The foundations of the current theoretical understanding of self-assembly are largely due to Tanford [22]
and Israelachvili et al [23]. The hydrophobic effect, which favors the removal of hydrophobic materials
from the aqueous environment, is a major component of the change in free energy associated with moving
a surfactant molecule from the bulk solution to a micelle or vesicle. This was described in Chapter 1.
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There are also two effects to consider at the colloidal surface. One is the electrostatic or steric repulsion
between the headgroups of different surfactant molecules; this repulsion would tend to increase the
surface area per molecule within the colloid. The other effect is an interfacial tension due to any
remaining contact between the surrounding water and the hydrophobic core of the colloid. This tension
would tend to drive the headgroups closer together to reduce this unfavorable contact, and thus decrease
the surface area per molecule. The overall free energy is minimized at some optimum area per molecule,
ao.
This consideration of free energies leads to an understanding of why aggregates form, as well as the
critical micelle concentration (CMC), but it does not give any insight on why rod-like micelles, vesicles
and planar bilayers sometimes form instead of spheres. A simple set of criteria derived from geometric
packing constraints was described by Israelachvili to predict and explain the appearance of these different
structures [23]. Briefly, if a micelle is spherical, then the number of surfactant molecules within it (the
aggregation number N, ) will be
Nagg 4 =f? 3  (5.1)
where v is the volume of the hydrophobic tail, and R is the micellar radius. The aggregation number can
also be written as
4rR 2
Nagg a (5.2)
where a is the surface area per molecule. Combining these expressions results in the following geometric
relationship:
V (5.3)
Ra 3
It is assumed that the balance between the competing attractive and repulsive forces at the surface
constrains the surface area ato being approximately equivalent to the optimal surface area ao. The
radius R cannot be larger than the fully extended length of the surfactant tail, so a further constraint is
that R < 1 , where l is some critical length that is on the order of the fully extended length. Applying
these two constraints, it is apparent that spherical micelles are only possible if
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v 1
a.l, 3
(5.4)
where the term v / al, is known as the packing parameter. When the analogous analysis is carried out for
rod-like micelles, it can be shown that these shapes require that
1 V 1
3 aolc 2
and for vesicles,
I V
-<--<1
2 a~l,
These criteria are summarized in Figure 5-2, taken from Israelachvili's text [24].
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(5.5)
(5.6)
Figure 5-2 Summary of the different self-assembled structures that may be expected at different values of the
packing parameter. Taken directly from [24].
For surfactants with single alkyl tails, Tanford provided expressions for the tail length and volume, in nm
and nm 3 respectively:
I Imax = 0.154+0.1265n (5.7)
v = 0.0274+0.0269n (5.8)
where n is the number of carbons in the tail alkyl chain. There are subtleties in predicting the surface
area a; it can be affected by the solution ionic strength or even the nature of the surfactant tail [25].
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The usage of these geometric concepts has been common in the literature, and it has often been
qualitatively successful.
5.2.2. Vesicles
Most common single-tailed surfactants tend to form various types of micelles, instead of vesicles. This
observation is consistent with the geometric criteria presented above. An increase in the tail volume
would be predicted to favor vesicle formation; this could be accomplished by using double-tailed
surfactants. Indeed, naturally occurring bilayer membranes are comprised of double-tailed phospholipids.
Bangham et al first found in 1964 that phospholipids could be used to create vesicles in-vitro; these
structures are generally called liposomes. However, liposomes are not thermodynamically stable. High
energy methods like sonication are required to prepare the vesicular solutions, and over the course of
months the phospholipids form some multilamellar structure or crystalline precipitates [26].
More recently it has been found that mixtures of commonly available single-tailed cationic and anionic
surfactants can spontaneously form vesicles. Dubbed 'catanionic' mixtures, this concept was most
notably reported by Kaler et al [27]. Due to electrostatic attraction, the oppositely charged headgroups
form ion pairs. The result is effectively a double-tailed surfactant, with a larger tail volume v than either
original surfactant, as well as a compact surface area a due to the attractive attractions between the
headgroups. Many different surfactant pairs have been found to result in vesicles at certain overall
concentrations and mixing ratios, including: cetyl trimethylammonium tosylate (CTAT) and SDBS [27],
cetyltrimethylammonium bromide (CTAB) and sodium octyl sulfate (SOS) [28-31],
dodecyltrimethylammonium chloride (DTAC) and SDBS [32], among many others. Double-chained
surfactants [33, 34] and gemini surfactants [35] have also been used as one of the surfactants in the
mixture. In many cases, the counterions of the original surfactants are still present in solution ('excess
salt'). If the original counterions were simply H+ and OH-, these of course combine to form water and
the solution is called salt-free. These latter mixtures are sometimes distinguished with the name 'ion-pair
amphiphiles' [4]. The presence or absence of counterions may cause systems to behave differently, due
to the electrostatic screening effect of counterions.
Vesicles formed in catanionic mixtures have been shown to be stable for months, even years, and may be
thought of as equilibrium structures [36]. Marques et al prepared equivalent solutions through very
different paths, and found that unilamellar vesicles were present in each [36]. The vesicle size
distribution was somewhat path dependent, but a short period of sonication caused each sample to become
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apparently identical, despite different preparation methods prior to the sonication. It was suggested that
different preparation methods result in the solutions being kinetically trapped in metastable states very
near the global equilibrium, with a short period of sonication bringing about thermodynamically stable
vesicles.
Many authors have constructed phase diagrams for the ternary mixtures (cationic surfactant, anionic
surfactant and water). The phase diagrams typically resemble the generic example drawn by Bramer et al,
Figure 5-3:
L
4/
L
Anionic surfactant
Figure 5-3 Typical phase diagram in catanionic mixtures. L denotes the isotropic micellar phase. P denotes
precipitate formation. V and V denote positively and negatively charged vesicles, respectively. Broken line
marks equimolar mixtures of the two surfactants. Taken from Bramer et al [4].
The example phase diagram was drawn to be symmetric, though an asymmetry may be expected if the tail
lengths of the two surfactants differ [26].
Aggregates may form in catanionic mixtures at concentrations well below the CMC of either surfactant
alone. At some overall concentration, the nature of the structures formed is a function of the mixing ratio
of the two surfactants. When the concentration of one surfactant is much higher than that of the other, an
isotropic micellar phase results. These micelles need not be spherical, but may also be globular or worm-
like [4]. The micelles typically grow as the mixing ratio approaches equimolarity, until vesicles form.
Different systems show different behavior in the transition region between micellar and vesicular phases;
there may be phase separation and precipitation, or a coexistence of micelles and vesicles. There is also a
region of precipitate formation in equimolar and nearly equimolar solutions; the oppositely charged
surfactants neutralize each other and form crystals.
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The stability of catanionic vesicles has been further explored. Each surfactant on its own will assemble
into colloids of a preferred curvature, based on the optimal surface area per molecule and packing
constraints. This typically results in some sort of micelle, whether it be spherical or cylindrical. A
vesicle presents a different radius of curvature from those micelles; in fact the two monolayers of the
vesicle have opposite radii. These differences in curvature are due to the mixing of the surfactants; some
mixture of the two will have a different equilibrium curvature from either surfactant alone. Further, the
two opposing monolayers in the vesicle must have different compositions, to allow each to have differing
curvatures [37]. If the bending energy of the bilayer is high, then vesicles can be expected to be stabilised
by the energy cost of taking on any other curvature [29]. Even if the bending energy is low, vesicles can
be stabilised against growth by fusion by repulsive undulations [29].
5.3 Choice of surfactant system
Sodium octyl sulfate was chosen as the anionic surfactant to pair with azoTAB for several reasons.
Mixtures of SOS and other trimethylammonium halide surfactants have been well characterized before,
providing a guide to this work. Also, the tail lengths in the system were considered. The fully extended
length of SOS is about 1.2 nm, as is that of cis azoTAB. The length of fully extended trans azoTAB is
about 1.9 nm. Therefore the transition from trans to cis azoTAB would bring about a change from a
surfactant pair with mismatched tail lengths to a pair with matched tail lengths. This could have
interesting implications for the resulting structures, as the relative lengths of the tails have been reported
to have an impact on the resulting colloids [4].
The CMCs of the surfactants also differ. As found in Chapter 2, the CMC of trans CMC is about 3.3 mM
in deuterium oxide, and between 4 and 5 mM in water. It was not possible to isolate samples of 100% cis
azoTAB, nor was it possible to observe the CMC in the UV adapted state with 97% cis. However, the
CMC of the cis is somewhere above 12 mM, if there is indeed a proper CMC in that system. The CMC
of SOS in water is about 133 mM [38].
The mixture of azoTAB and SOS has multiple components: trans azoTAB, cis azoTAB, SOS, the sulfate
and bromide counterions and water. The ability to use light to change the composition of any sample
adds to degree of flexibility not present in traditional catanionic mixtures.
5.4 Experimental section
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5.4.1. Materials
The azoTAB surfactant, described in Chapter 1, was synthesized following the procedure of Hayashita et
al [39]. Sodium octyl sulfate was used as received from Fluka. Solutions were made in both de-ionised
water, obtained from a Millipore Milli-Q system, and deuterium oxide, obtained from Cambridge
Isotopes.
5.4.2. Sample preparation
Most samples were prepared such that the total concentration of surfactant was 20 mM. This was done by
preparing a 20 mM stock solution of azoTAB and a 20 mM stock solution of SOS, and then mixing them
at the desired mixing ratio. The stock solutions were individually sonicated before being mixed together.
Due to the different molecular weights of the two surfactants, the total weight fraction of surfactant was
not constant. A 20 mM solution of azoTAB in deuterium oxide has a surfactant wt% of 0.76, while 20
mM SOS is 0.42 wt% surfactant. The corresponding weight percentages in water are 0.83% and 0.46%.
These are within the concentration range normally used for vesicle studies. Any solution with azoTAB
was kept in the dark, when not being intentionally irradiated.
Other mixtures were prepared at higher or lower total concentrations, as described in the text.
Initial observations were made after only gentle vortex mixing of the mixed solutions. Samples were then
centrifuged for at least 30 minutes, to cause any precipitates to sediment out. Centrifugation was also
used to cause dust particles to sediment out, in order to allow a dust-free solution to be obtained for light
scattering studies. Sonication was also applied, but was not found to have any obvious impact on visual
appearance, or NMR results.
5.4.3. Irradiation
UV irradiation was done with a Dymax BlueWave 200 lamp, described in Chapter 2. At a distance of one
inch from the lightguide, the irradiance was 110-140 mW/cm 2. The kinetics models developed in Chapter
2 were used to guide the required irradiation times; the light was applied from different directions to
ensure spatially even conversion. About 30 minutes of UV irradiation was used. Visible irradiation was
done with an argon ion laser meant for light scattering studies, producing 514 nm light. The irradiation
was continued until the scattering rate and the hydrodynamic radius from the dynamic light scattering
experiment stabilised, indicating a photostationary state was achieved. About 15 minutes was sufficient.
Measurements were made within one hour of the exposure to UV or visible light. Samples were loaded in
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either 5 mm borosilicate NMR tubes when doing NMR experiments, or borosilicate light scattering tubes
for all other experiments.
The argon ion laser was found to have no heating effect on the solutions. Prolonged exposure to UV light
from the Dymax lamp did cause moderate heating, so the irradiation was done in short increments to
prevent the temperature from rising. When this was not practically possible (as with the sample for cryo-
TEM), the sample was allowed to cool for 30 minutes before further preparation.
5.4.4. NMR methods
One-dimensional and diffusion NMR experiments were performed largely as detailed in Chapter 3. 12-20
scans were sufficient for a good signal/noise ratio in the one-dimensional experiments; this required 3-5
minutes of scanning time. Sample volumes were 0.6 to 0.7 mL. For diffusion measurements, 16 scans
were done to complete the suggested phase cycling routine for the BPP-LED sequence [40]. The gradient
strength was varied from 0.02 T/m to as high as 0.49 T/m; the variation in gradient strength was used to
do the Stejskal-Tanner analysis (see Chapter 3). The pulse width 1 was 2 ms, and the time T was
usually 500 ms, resulting in a diffusion time A of 502.2 ms. For simplicity, this is described as a diffusion
time of 500 ms in the text. Diffusion times of 10, 50 and 100 ms were also used, in order to detect any
dependence of the observed diffusion coefficients on diffusion time.
5.4.5. Dynamic light scattering
Measurements were made at 900 with an argon ion laser and the Brookhaven BI-200SM system. The
autocorrelation function was fit by the Brookhaven software to find the diffusion coefficients, and then
the Stokes-Einstein equation was used by the software to find the hydrodynamic diameter. The CONTIN
method was used for the fit; the results from other models (NNLS) were largely consistent with the
CONTIN. The minimum sample volume was 1.5 mL.
The sample tubes were soaked in sulfuric acid, then rinsed in water and methanol, in order to remove any
dust, before the addition of sample.
Supplementary experiments were done at a variety of scattering angles: 45, 60, 65, 70, 90, 110 and 135
degrees for a 20 mM surfactant solution in water, with a SOS/azoTAB molar mixing ratio of 30/70. No
angular dependence was observed.
This argon ion laser itself caused photoreaction of azoTAB; it was in fact used to bring about the visible
photostationary state. It could therefore only be used to characterize the visible-adapted state of azoTAB,
or the transition to this state. A second DLS instrument, the Dynapro Titan TC, was used to characterize
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solutions without perturbing them; the wavelength of this instrument was 830 nm. This wavelength does
not cause isomerisation of azoTAB at any detectable rate. The Dynapro is located at the Biophysical
Instrumentation Facility. The sample size was 45 ptL, and the path length 3 mm.
5.4.6. Cryo-transmission electron microscopy (cryo-TEM)
Cryo-TEM was used to image self-assembled structures that were too small (sub-micron) to view directly
with an optical microscope. Samples were prepared and irradiated as described above. Samples were
about 2-3 days old at the time of observation by TEM. Some samples were kept in the dark, while others
were irradiated with visible at 514 nm or UV. The preparation for TEM was done within 1 hour of
irradiation. This preparation was fully automated. A sample of a few microliters was taken from the
solution, under conditions of nearly 100% relative humidity to avoid evaporation. This sample was put
onto a lacy carbon grid, and blotted to remove any excess. This was then plunged into liquid ethane to
.vitrify the sample; the cooling rate was about 105 cal/s. This process required 5 s. The vitrified samples
where then transferred to the electron microscope (JEOL 1200TEM) under liquid nitrogen.
5.4.7. Optical microscopy
The Zeiss Axiovert 200 system was used for the observation of relatively larger structures. lOx, 20x, 50x
and 100x magnification was available, as was polarized light.
5.5 Results
5.5.1. Visual observation, light microscopy and turbidity
A series of 20 mM SOS/azoTAB mixtures were prepared in water, and kept in the dark-adapted state such
that the azoTAB was entirely trans. After gentle vortex mixing to prepare the mixture, the samples were
visually observed. At molar mixing ratios of 0/100 through 30/70 SOS/azoTAB, clear yellow solutions
resulted, which would be consistent with the isotropic micellar phase that might be expected. Mixing
ratios of 34/66 and 40/60 SOS/azoTAB yielded slightly cloudy and very cloudy samples respectively,
while precipitate was apparent from 50/50 to 80/20 SOS/azoTAB. 90/10 was turbid. 100/0 was clear and
colorless, consistent with a simple liquid with no aggregates.
As expected, equimolar mixtures resulted in phase separation. It was also apparent that the phase diagram
in this system was asymmetric, with the anionic-rich side being dominated by phase separation.
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In traditional catanionic mixtures, a slight bluish tinge is apparent in solutions with vesicles, due to light
scattering. The strong yellow color of azoTAB solutions prevented any blue color from being detected,
but turbidity was taken as a possible sign of large aggregates. However, turbidity could also be an
indication of precipitate that remained suspended in solution. The samples were centrifuged, to remove
any precipitate. A summary of the visual observations on the resulting samples is given below:
clear h azyF clear with needle- F clear
like crystals
SOS 0 33 35 40 80 90 100
azoTAB 100 67 65 60 20 10 0
Figure 5-4 Visual observations at a total concentration of 20 mM surfactant, and different SOS/azoTAB
mixing ratios. After centrifugation. Samples kept in the dark, so azoTAB is at 100% trans. Essentially the
same observations were made in both deuterium oxide and water, see text. Clear samples were found at
mixing ratios from 0/100 to 32.5/67.5 SOS/azoTAB, and again at 100/0. Hazy samples resulted at 33/67 and
34/66, but with no apparent precipitate. 'F' denotes the appearance of fuzzy/fluffy precipates, seen at 35/65,
40/60, 80/20 and 90/10. From 35/65 to 70/30, there was a definite phase separation with a clear liquid above
needle-like crystals.
In the composition range around the equimolar point, crystals were apparent after centrifugation (and in
some cases, before). The crystals continued growing for several weeks, signaling some slow dynamics in
the system. After a full year however, no crystals were visible in any of the other samples. On either side
of the crystal-forming region were samples with precipitates of fuzzy appearance. On the azoTAB-rich
side, this was followed by a turbid region with no obvious precipitates. Finally, the extrema of the phase
diagram correspond to clear solutions.
When repeated in deuterium oxide, an identical phase diagram resulted. Any solvent effect between
deuterium oxide and water did not appear to be very strong. If there was any difference, it was that the
33/67 and 34/66 azoTAB/SOS samples were more obviously turbid in deuterium oxide than in water.
In trying to detect possible vesicles, the turbid and 'fuzzy' parts on the azoTAB-rich side of the phase
diagram were of most interest, and these samples were examined under a light microscope. Under
polarizers, the 'fuzzy' samples showed 'maltese cross' patterns (Figure 5-5). These patterns are
indicative of large multilamellar 'onion' structures [36, 41]. However, nothing could be observed by light
microscope in the clear or turbid solutions. This indicated that there were no micron-scale structures in
these samples.
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Figure 5-5 20 mM SOS/azoTAB mixture in water at a molar mixing ratio of 40/60. Observed at 20x
magnification under polarized light. Maltese cross patterns indicate multilamellar structures. Visually
under no magnification, these samples contained fuzzy-looking precipitates.
The observations discussed so far were all with azoTAB in the dark-adapted state, meaning that all of the
azoTAB was existing as the trans isomer. When exposed to visible light from an argon ion laser from the
light scattering apparatus, the appearance of the 34/66 azoTAB/SOS sample became much more strongly
turbid in both water and deuterium oxide. In the visible-photostationary state, about 80-90% of the
azoTAB existed as the trans isomer. Upon UV irradiation (resulting in 3-4% trans), the sample became
clearer. These changes in turbidity were observed by following the light scattering rate of the solutions at
900.
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Figure 5-6 Change in scattering rate over time, under visible (514 nm) irradiation. The laser for light
scattering is used to simultaneously perturb the sample, and observe it. 20 mM 34/66 azoTAB/SOS solution,
initially dark-adapted (100% of azoTAB is trans). Experiment proceeded for one hour. Solvent was water.
Laser power: 0.5 W. Scattering rate in counts/s should be regarded as an arbitrary unit.
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Figure 5-7 Same experiment and sample as Figure 5-6, but with the initial condition being the UV
photostationary state (3-4% of the azoTAB is cis)
From these scattering rate histories, it is apparent that some major change in aggregate structure was
induced by the argon ion laser. This change took place on the time scale of minutes. The solution was
much more strongly scattering in the visible-adapted state, than the dark- or UV-states. This provided an
initial evidence of some photoreversible effect.
In addition, the 20 mM samples with a molar mixing ratio of 34/66 and 33/67 SOS/azoTAB were
noticeably more viscous than those at other compositions. This effect was not quantified, but provided
further evidence for the formation of large aggregates.
5.5.2. Dynamic light scattering
Two different DLS instruments were used, in order to find the hydrodynamic radii of whatever aggregates
were present in the various samples. One, with a 514 nm argon ion light source, could only be used to
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characterize the visible-adapted state of the solutions because that 514 nm light itself converted the
azoTAB to the visible state. The other used 830 nm light, and therefore did not perturb the azoTAB.
This latter system was used to observe the dark-adapted samples.
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Figure 5-8 Mean hydrodynamic diameter of aggregates in 20 mM SOS/azoTAB aqueous solutions. Solid
markers: dark-adapted state (azoTAB is fully trans). Hollow markers: visible state (azoTAB is 80-90%
trans). Circles: in deuterium oxide solvent. Squares: in water solvent. Line drawn to guide the eye.
The azoTAB rich side of the phase diagram was studied, up to the point where multilamellar aggregates
formed. Based on the previously observed CMCs, the azoTAB-only solutions are expected to contain
micelles at this concentration. It appears that there is some micellar growth as SOS is added to the
mixture. The hydrodynamic diameter is about 2.4-3 nm at mixing ratios of 0/100 or 10/90 azoTAB/SOS,
consistent with simple micelles. There is then a fairly rapid transition to some much larger structure.
There is no strong difference here between dark-adapted and visible-adapted states, despite the strong
difference in turbidity rate that was previously observed. Somewhat erratic results were obtained in the
UV state; these are not reported.
Some caution must be used in interpreting the hydrodynamic dimensions, as some of the aggregates may
not be spherical. There may also be significant polydispersity in any vesicle system.
In order to detect the concentration at which aggregation begins at the 34/66 mixing ratio, samples were
prepared for DLS at overall concentrations of 0.1, 1 and 5 mM. In Figure 5-9 it can be seen that no
aggregates were detected at 0.1 mM, but colloids were present at 1 mM and 5 mM. These colloids were
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about the same size as those seen at 20 mM. The onset of aggregation is therefore between 0.1 and 1
mM, which is below the CMC of either surfactant alone.
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Figure 5-9 Hydrodynamic diameter from DLS measurements, over fixed composition but varying overall
surfactant concentration. Measured in the dark-adapted state.
5.5.3. NMR
The widths of the peaks in an NMR spectrum can provide some qualitative indication of aggregate
formation, as discussed in Chapter 3. Linewidths are related to the relaxation rates of the nuclei which are
excited by the initial radiofrequency pulse of the one-dimensional NMR experiment. Relaxation
pathways include interactions with other nuclei on the same molecule, as well as interactions with nuclei
on surrounding molecules. A surfactant molecule that maintains close contact with other surfactant
molecules will therefore have nuclei that relax more quickly than a surfactant that is free in the bulk
solution. As shown in Chapter 3, NMR peaks are broader in micellar solutions, than below the CMC.
The same principle was used in the catanionic mixtures of this Chapter. NMR spectra in the azoTAB-rich
region were collected under the different light conditions, at a fixed total surfactant concentration of 20
mM. Some key spectra are presented below. All NMR studies were done in deuterium oxide.
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Figure 5-10 Proton NMR spectra. Red: 20 mM azoTAB, dark-adapted state (fully trans). Micelles expected.
Green: 20 mM, azoTAB/SOS mixture, 34/66 molar mixing ratio, dark-adapted. Blue: 20 mM 34/66 mixture,
visible-adapted (80-90% of azoTAB is trans). See text.
Simple micelles are expected in a dark-adapted azoTAB sample of 20 mM; the resulting NMR spectrum
has well-defined peaks for each nucleus (red). The peak linewidths are a little broader than in a sample
below the CMC, but are still identifiable. The peaks become rather more broad as SOS is added to the
mixture. The most extreme example is at a molar mixing ratio of 34/66 SOS/azoTAB. This sample was
faintly turbid in the dark state, and strongly turbid in the visible state. The NMR spectrum in the dark
state of the 34/66 mixture shows very broad peaks (green), to the point that it becomes difficult to identify
many peaks. The 34/66 mixture under visible light (blue) shows those peaks becoming even broader to
the point that some essentially disappear, but some sharp new peaks also appear. These sharp peaks are
likely due to the 10-20% cis azoTAB that is present in the visible state. As discussed in Chapter 3, the cis
azoTAB is less likely to participate in any aggregates, so it would tend to exhibit more narrow linewidths.
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Figure 5-11 NMR spectrum of 20 mM, 34/66 azoTAB/SOS mixture, under UV light. 3-4% of azoTAB is cis.
This trend continues in the UV-adapted sample; peaks assigned to the cis surfactant are fairly narrow, in
comparison to the peaks of SOS and those of the residual trans.
It was possible to measure the FWHM (full width at half maximum) linewidth of the azoTAB headgroup
proton peak, in the dark state over different mixing ratios. It was found that this measure varied with the
mixing ratio in a similar fashion to the hydrodynamic radius from DLS measurements. This
correspondence adds further evidence to the growth of aggregates as the SOS/azoTAB mixing ratio
approaches equimolarity.
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Figure 5-12 In dark-adapted SOS/azoTAB mixtures, total concentration 20 mM.
from DLS, and NMR peak width from the headgroup protons.
Hydrodynamic diameter
NMR was also used to measure the diffusion coefficients of the surfactants in SOS/azoTAB aqueous
mixtures.
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Figure 5-13 NMR diffusion results, dark-adapted SOS/azoTAB mixtures, total surfactant concentration: 20
mM. Diffusivity of azoTAB in solid markers; SOS in hollow. Aggregate formation and growth is indicated
by decrease in diffusivity. Shown for reference is the diffusivity of azoTAB monomer, measured in dilute
azoTAB-only solutions, and the diffusivity of an azoTAB-only micelle.
In the dark state, the observed diffusion coefficient of both trans azoTAB and SOS decreased as the
SOS/azoTAB mixing ratio was increased from 0/100 to 34/66, at a fixed total concentration of 20 mM
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(Figure 5-13). For reference, the diffusivities of azoTAB monomers and micelles are also shown, as
described in Chapter 3. The observed diffusivities are number-weighted averages of the diffusion
coefficients of the different aggregation states which may be present: monomer, dimer, micelles, small
vesicles, large vesicles, etc. For simplicity, it is assumed that there are only two possible states: monomer
and some aggregate. In this case, the observed diffusivity can be related to the surfactant population in
each state:
Do', = ymoD' ± y'gDa (5.9)
where irefers to the surfactant being considered, Dmon is the diffusivity of that surfactant in the monomer
form, D... is the diffusivity of the aggregate (valid for either surfactant), y',, is the fraction of surfactant
ithat exists in the monomer form, and yag is the fraction of that surfactant that is found in the aggregate.
Some assumptions must be made in order to apply Equation (5.9), because D,9 and the mole fractions y
are not known a priori. One interesting feature of Figure 5-13 is that the observed diffusivity of SOS is
lower than that of azoTAB. This could be a sign that there are multiple types of aggregates present, with
different compositions. However, working within the assumption that there is only one type of aggregate,
this deviation between azoTAB and SOS could also indicate that there is excess azoTAB existing as
monomer. It is further assumed that the minority component, SOS, essentially exists only in aggregates,
as the overall concentration (20 mM) is well above the critical aggregation concentration (0.1 - 1 mM).
With these assumptions, D, can be set equal to Dsos. To test these assumptions, and to check forassmptons obs
consistency with the DLS results, the resulting values of Dagg are then converted to hydrodynamic
diameters by using the Stokes-Einstein equation (see Chapters 3 or 4).
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Figure 5-14 Hydrodynamic diameter of aggregates in SOS/azoTAB mixtures, measured using DLS and
NMR. NMR: hollow symbols. DLS: solid. Dark-adapted samples only; total surfactant concentration fixed
at 20 mM. NMR results are based on the observed diffusivity of SOS. NMR peaks for SOS could not be
resolved at the 34/66 mixing ratio.
As can be seen in Figure 5-14, there is only a rough qualitative agreement between the DLS and NMR
methods for estimating the hydrodynamic dimensions of the colloids. Both methods do indicate growth
of the aggregates as the mixing ratio approaches equimolarity from the cationic-rich side. The DLS
results are taken as being more reliable in this case, because it requires no assumptions to be made about
the monomer/aggregate portioning of the surfactants.
To the extent that results could be obtained in the visible state (Figure 5-15), the diffusivities of SOS and
trans azoTAB were similar to those in the dark state. However, the cis azoTAB diffusion was much
higher than either. This suggests that the 10-20% of the azoTAB that is cis is much less likely than the
trans to participate in aggregates. Such a result is to be expected, as cis azoTAB is known to be more
hydrophilic, and poor at packing into micelles (Chapter 3).
The peaks in the UV state (only examined at a mixing ratio of 34/66) were so broad that only the cis
azoTAB signal could be followed. This was still relatively high, though lower than the cis diffusivity in
the visible state. This suggests either some aggregate growth from the visible state to the UV state at
34/66, or that the cis is more likely to participate in aggregates when in the UV state than the visible state.
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Figure 5-15 Diffusion coefficients of SOS, trans azoTAB and cis azoTAB under dark-adapted (azoTAB is
100% trans), visible-adapted (azoTAB is 80-90% trans) and UV-adapted (azoTAB is 3-4% trans) conditions.
Shown at different compositions on the cationic rich side, but at a fixed total surfactant concentration of 20
mM. UV measurement was only attempted at one mixing ratio, and was only possible for the cis azoTAB.
Peak broadness prevented analysis of the SOS peaks. Visible measurements were also not possible for SOS at
many mixing ratios due to peak broadness or overlap.
5.5.4. Cryo-TEM
Cryo-TEM provided some more conclusive evidence as to the structures formed under different
conditions. Samples at a mixing ratio of 34/66 SOS/azoTAB were examined. In the dark state, there was
evidence of disc-like structures. The edge-projections of these discs are clearly visible. The discs appear
to be about 50 nm in diameter. Some very large objects are also visible; these are not thought to be
equilibrium structures.
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Figure 5-16 Cryo-TEM image of dark-adapted 20 mM 34/66 SOS/azoTAB sample. Edge projections of discs
are visible.
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Figure 5-17 Cryo-TEM image of 34/66 SOS/azoTAB sample, under visible irradiation. Closed unilamellar
vesicles are visible. Note that the scale bar is different from that in the previous image.
Under visible irradiation, these discs appear to close into closed unilamellar vesicles. The mean diameter
was 148 nm. Under UV irradiation, there appear to be a lower number of somewhat smaller vesicles; the
mean diameter is 86 nm.
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Figure 5-18 Cyro-TEM image of 34/66 SOS/azoTAB mixture under UV irradiation. Smaller closed vesicles
are visible, along with some large non-equilibrium structures. Note that the scale bar is different from that in
the previous images.
The size distributions of the vesicles were manually measured from the micrographs, and are presented
below. The polydispersity of the vesicle sizes is apparent, as is a log-normal distribution of those sizes.
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Figure 5-19 Size distribution of vesicles in visible and UV-adapted state, as observed in cryo-TEM
micrographs.
5.6 Discussion
Several experimental techniques suggested that there was some growth from micelles to larger micelles or
vesicles, and finally large multilamellar structures, as the SOS/azoTAB mixing ratio was increased at a
fixed total molar concentration of surfactant. This was expected, based on the phase diagrams reported in
the literature for other similar, but not light-sensitive, systems. The 34/66 SOS/azoTAB mixing ratio the
highest before multilamellar onion-like structures were observed, so this composition was studied in
further detail. The TEM images showed that nanodiscs were formed in the dark-adapted state. This was
an unexpected result, as discs are very rarely observed as equilibrium objects. The edge is energetically
unfavorable, so discs tend to fuse into vesicles; discs are observed as a transition structure between
micelles and vesicles [42]. Discs have been reported at least twice in catanionic systems; Jung et al
reported them in mixtures of CTAB and a perfluorinated sodium octanoate [43]. Zemb et al reported
them in a salt-free catanionic mixture, and attributed the disc formation in part to the absence of salt
(counterions) [44]. The interpretation of Jung may also apply to the results here; it was suggested that the
trimethylammonium bromide surfactant preferred high curvature interfaces, and thus stabilised the edges.
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The flat faces of the disc would then be composed of some mixture of the two surfactants that favors a
planar bilayer. Fewer discs appeared as the mixing ratio was changed towards the sodium octanoate-rich
side; there was relatively less CTAB present to stabilise the edge of the discs.
Upon irradiation with visible light, well-formed vesicles appeared. It is possible that this was brought
about by a simple change in the mixing ratio and total concentration. NMR results suggested that the cis
isomer of azoTAB preferred existing as monomer in the bulk solution. If the cis played no role in the
aggregate formation at all, then the result should be similar to that seen in a solution of 6.8 mM SOS and
11.9 mM trans azoTAB. Such a solution was prepared, and under an optical microscope, flocculated
clumps of vesicles were observed. This result indicates that the conversion to the visible-adapted state
moved the 20 mM 34/66 sample to a region of the phase diagram where vesicles are preferred.
Physically, it can be reasoned that there is a reduction in the amount of the excess trans azoTAB available
to stabilise the edges. Without this excess, the discs join and bend into vesicles.
Upon irradiation with UV light, a small number of smaller vesicles were imaged by TEM. The reduction
in number density and size was also suggested by the light scattering rate. The lower number density was
expected, as the cis azoTAB is known to be poor at packing into aggregates due to its kinked shape.
Aggregate formation in cis-rich samples is therefore difficult. However, the cis-azoTAB did participate
in the vesicles, as the measured zeta-potential indicated the presence of positively-charged particles.
The discs seen in the dark samples may well be equilibrium structures, as the visual appearance of the
samples was similar after one year. The sample still became more turbid upon visible irradiation,
suggesting that the disc-vesicle transition was still taking place. However, it is unclear to what extent the
visible-state and UV-state vesicles are stable structures. Metastable aggregates may persist in these
systems for months, and it is not practically possible to irradiate a sample for months to verify whether
the structures are changing over that time span. This is however not relevant to any practical applications,
where the photo-triggered structure changes are likely not needed to persist for months.
5.7 Conclusions
A photosensitive system of colloids has been demonstrated. A solution can be switched from including
nanodiscs, vesicles, or a small number of small vesicles, based on the wavelength and duration of
irradiation. A system with this variety of colloids, accessible simply by use of light, is novel.
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Chapter 6
Conclusions and Future Work
6.1 Summary of research
A photosensitive surfactant, azoTAB, was synthesized as described in the literature, and its
photoreactivity and aggregation behavior were characterized extensively. The two photoswitchable
isomers of azoTAB, cis and trans, were known to have different tendencies to form aggregates. Methods
were devised for measuring the isomeric composition of any given sample, and the photostationary state
of azoTAB was found for a variety of different irradiation wavelengths. UV irradiation led to cis-rich
samples, with very little residual trans. Visible irradiation led to trans-rich samples, though relatively
long wavelengths (500 nm+) are required for the cis content to go below 15%. The photoreaction rate
was measured at different conditions (concentration, intensity). Simple models were developed to
describe the reaction as well, based on the Beer-Lambert Law. These models predicted that at higher
concentrations of azoTAB in water, the rate of mixing within the solution would strongly limit the extent
of reaction in optically thick samples. This prediction was borne out by experiment. For well-mixed
samples, the experimentally measured reaction rate agreed very well with the model for a well-mixed
sample. Poorly mixed samples showed much slower overall reaction rates than well-mixed samples.
These observations are due to the decreasing photon flux along the path length; azoTAB in regions of low
photon flux will have react slowly. However, mixing will expose all azoTAB molecules to the same
average irradiance. In the absence of mixing, there would be high conversion at low path lengths and low
conversion at longer path lengths. It was also possible to use NMR to directly find evidence for these
composition gradients. Aggregation of azoTAB into micelles or surfactant-polymer gels was not found to
affect the reaction rate. Using these results, it is possible to design an azoTAB system with the desired
isomerisation response to irradiation. For a given intensity of UV irradiation, path length, and azoTAB
concentration, the rate of reaction can be predicted.
A variety of methods were used to detect and characterize the formation of micelles in azoTAB solutions.
These included fluorescence and NMR spectroscopy. Studies were done at a multitude of concentrations
and isomeric compositions. The size of micelles in the dark state was found; it is larger than would be
expected if the micelle were perfectly spherical. This was consistent with SANS results reported in the
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literature. These methods were also used to detect the onset of aggregation at the critical micelle
concentration (CMC), as well as the population of surfactant in the monomer and micellar states. Pre-
micellar aggregates were also detected. The CMC was found as a function of isomeric composition.
Such information at intermediate isomer compositions was not previously reported for azoTAB. As
expected, the CMC was higher in cis-rich samples. By applying some simple thermodynamic modeling,
it was found that the trans and cis azoTAB engaged in non-ideal mixing within micelles, when both
isomers were present. The theory was used to predict the isomer composition of the micelles themselves,
and there was a qualitative agreement with experimental estimates based on diffusion measurements. As
micelles have a range of possible applications, such as the solubilisation of pollutants, providing a
nanoscale site for certain reactions, or as crosslinking sites for polymers, this research makes it possible to
predict the prevalence and nature of micelles under different concentrations and irradiation conditions.
Mixtures of azoTAB and an oppositely charged hydrophobically modified polymer, HMPAA, were then
characterized. There had previously been a proof of principle demonstration that a gel-sol transition
could be reversibly triggered by irradiation. This had been done using rheology, which does not give
direct information about the molecular scale interactions that are present. NMR methods were used to
confirm that azoTAB forms micelles in the presence of HMPAA, and that these micelles interact with the
hydrophobic side chains of the polymer. Unexpectedly, it was found that micelles were as likely to form
in both trans rich and cis rich samples. Despite this, the micelles in the cis rich samples were poor at
crosslinking the polymer, so UV samples formed solutions, or weaker gels than those in the dark samples.
NMR diffusion was used to estimate the degree of binding of surfactant to polymer; the cis was somewhat
less likely to be bound to the HMPAA than the trans. Diffusion measurements on the polymer itself were
illuminating; these were used to demonstrate entanglements in semidilute polymer solutions without
surfactant, and then gelation as surfactant was added to form crosslinking sites. The gelation was
apparent through growth of crosslinked polymer clusters, as inferred from a rapidly decreasing polymer
diffusivity. This cluster growth was in strong agreement with rheological results, thus providing a key
link between molecular scale observations and macroscopic rheological measurements.
The diffusion of various solutes in the gel matrix was studied. For the gels and solutes studied here, there
was no change in the sieving effect upon the gel-sol transition. It was estimated that the diffusion of
larger solutes might be affected by this transition.
The photoresponsive surfactant azoTAB was mixed with a common oppositely charged surfactant,
sodium octyl sulfate. Such mixtures of oppositely charged surfactants are known to result in the
spontaneous formation of vesicles, when mixed at certain concentrations and compositions. The phase
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diagram was explored for this system, and a rich variety of structures was detected, including micelles,
nanodiscs, unilamellar vesicles and multilamellar 'onions'. At a certain concentration and SOS/azoTAB
composition, light was used to reversibly switch between nanodiscs, large vesicles, and a sparse solution
of smaller vesicles.
6.2 Future work
Further experiments could be done to allow the design of specific applications. Given that many possible
applications of light-sensitive gels require the diffusivity of solutes to be sensitive to the extent of
gelation, the azoTAB-HMPAA system could be altered such that the mesh sizes in the gel are smaller.
This could be accomplished by changing the polymer concentration and the percentage of polymer repeat
units that are hydrophobically modified.
The transition from micelle-to-monomer or gel-to-solution has been well characterized using UV light,
but the kinetics of the reverse transitions using visible light were not quantitatively studied. This was due
to a lack of a suitably powerful visible light source with an appropriately sized area of uniform irradiation.
In principle, this could be done with the argon ion laser and appropriate optics tools.
It would be of great interest to use simple mean field models to predict the size distribution of the
polymer clusters in the gel, and then relate that to the viscosity or modulus of the material. This would
then provide a solid framework for understanding the relationship between polymer diffusivity and
rheology.
If a diffusion-specific NMR probe is available, many further interesting experiments could be done by
studying the diffusivity of the polymer in surfactant-polymer mixtures. Here, a proof of principle has
been given that polymer diffusivity can be related to entanglements and cluster growth. However, such
measurements were not done dynamically, at different irradiation times, in order to follow cluster growth
or destruction with light over time. Such an experiment would require irradiation of the sample in-situ in
the NMR spectrometer, which presents something of a challenge. In particular, the optical depth of the
azoTAB samples would tend to prevent the spatially even gels that would be required for easily
interpreted diffusion results. It may be possible to use NMR tube inserts to reduce the path length of the
light, to allow for more homogeneous gelation.
241
The understanding of gelation in surfactant-polymer systems would be advanced by including the
thermodynamics of the surfactant-polymer interactions. Tools such as titration calorimetry could be
utilized. Fluorescence lifetime experiments could also be used to provide an additional indication of
micellar size and aggregation number.
Inasmuch as the light-generated composition gradients in optically thick samples are of interest, the
experiments presented here for detecting such gradients could be extended by use of NMR imaging
experiments. Using an MRI-like probe, the NMR chemical shift could be measured as a function of
spatial position. The gradients could thus be directly seen.
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